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ABSTRACT 
 
Wet weather sewer overflows from sanitary sewers occur when the sewerage system is 
overloaded due to entry of rainfall into sewers via inflow and infiltration. Designated sewer 
overflow structures, commonly called emergency relief structures, are built into sewerage 
systems to enable discharge of overflows into receiving waterways. Emergency relief 
structures aim to prevent the human health effects associated with sewers backing up into 
private properties. However, owing to the many harmful contaminants present in sewage, 
wet weather sewer overflows discharging into waterways pose potential human health and 
ecological risks. 
 
The water industry currently invests significant resources in the management of wet weather 
sewer overflows. To improve its management of sewer overflows, it is important that the 
industry is able to assess the human health and environmental impacts of these discharges. 
Whilst some studies have contributed to an increased understanding of the impacts and risks 
associated with these events, they are relatively few in number and there is still a general 
lack of knowledge in this area. Furthermore, due to variability in actual events and hence the 
subsequent impacts, it is currently difficult for water retailers or responsible authorities to 
extrapolate findings from existing studies to their own unique situations. In addition, key 
studies were often based on broad or very specific characteristics making it difficult to apply 
the findings to a specific site, event or catchment. 
 
City West Water (CWW), a water retailer in Melbourne, in conjunction with RMIT University 
commissioned the present research to discover the level of human health and ecological risk 
associated with wet weather sewer overflows discharging to waterways. The research aimed 
to provide this information in a manner which enhances responsible authorities’ decision-
making processes with regard to the management of these overflows.  
 
The study was undertaken in the Five Mile Creek (FMC) sewerage catchment, which is 
located in a predominantly low-density residential urban area in the western suburbs of 
Melbourne, Australia. Three emergency relief structures overflow into the FMC stormwater 
drain, which discharges to the lower section of the Moonee Ponds Creek (MPC). The FMC 
site was a good representation of a typical sewerage catchment containing sewer overflow 
structures in the CWW service area, both in terms of the demographics of the area and the 
nature of the receiving waterway. 
 
To determine the water quality in the MPC, prior to sewer overflow and stormwater pollution, 
water sampling was conducted over a twelve month period when no rainfall occurred. Water 
2 
sampling was also conducted for a storm event without a sewer overflow, to distinguish the 
impact of sewer overflow from stormwater run-off. There were no sewer overflows during the 
data collection period of the research project due to the drought conditions prevalent in 
Melbourne at that time. Therefore, as an alternative, a steady state mass balance model was 
developed to predict concentrations of contaminants in receiving waterways from wet 
weather sewer overflow. This involved applying dilutions derived from hydraulic and 
hydrologic data to measured raw sewage concentrations. The model was also used to 
predict the concentration in the MPC from stormwater run-off without sewer overflow.   
 
To assess the level of risk as a result of wet weather sewer overflow, screening of 
contaminants based on a conservative estimate of risk was initially undertaken to determine 
which contaminants would require further investigation. For microbiological contaminants, 
which were identified as high risk during the screening process, a Bayesian network (BN) 
model was developed to undertake a more rigorous assessment of risk. Through the 
application of probabilistic inference (scenario analysis), the BN model was used to identify 
'hotspot' or worst-case’ sites where conditions are such that the highest risk to waterway 
values is produced. In addition, scenario analysis allowed the degree of effectiveness of 
various sewer overflow management options in reducing risk outcomes to be determined.  
 
An analysis of measured MPC water quality concentrations showed that ambient dry weather 
conditions in the MPC overall were quite poor. Therefore, the potential risks caused by wet 
weather sewer overflows at the study site are likely to be less severe. Furthermore, 
stormwater run-off, even without wet weather sewer overflow, contributes to wet weather 
pollution in the MPC, and must be considered in the analysis of risk from sewer overflow.  
 
Risk screening results showed that sewer overflow posed a low risk to the MPC for most 
ecosystem health and metal contaminants. Furthermore, stormwater run-off was clearly the 
main contributor of metal and ecosystem health contaminants in the MPC. On the other 
hand, for microbiological contaminants, sewer overflow was a greater contributor to MPC 
concentrations than stormwater run-off, and was the main source of public health risk to the 
creek for these contaminants.  
 
BN risk outcomes based on the current conditions at the study site showed that the public 
health risk to important waterway values of the waterway following sewer overflow are 
predominantly medium to low. Probabilistic inference showed ‘hotspot’ sites are indicated 
where there is a high probability of frequent wet weather sewer overflow, waterway use and 
high levels of microbiological contaminants in the waterway. Scenario analysis also showed 
that treatment of sewer overflow reduced the risk most to many waterway values as opposed 
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to sewer augmentation and restricting waterway use. Overall, management options to reduce 
risks at 'hotspot' sites were shown to be more effective than for the study site.  
 
The BN developed in this research can be used to represent other sites or situations, and in 
particular to identify priority sites for attention, thus aiding decision-making in relation to the 
management of wet weather sewer overflows. Furthermore, the BN will be useful to water 
retail companies and other responsible authorities in prioritising management options to 
minimise public health risks from sewer overflow. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Background and Justification 
 
In Australia, domestic, commercial and industrial wastewater is typically conveyed in sanitary 
sewers which, unlike combined sewers, are separate from the stormwater system. 
Stormwater is carried in a separate pipe typically discharging directly to receiving waters, 
whereas sanitary sewers are designed to minimise overflows or spills from the system. 
However sewer overflows and spills occur from sanitary sewers in certain situations resulting 
in a certain level of discharge of untreated sewage to the environment.   
 
Sewer overflows or spills may occur due to a range of causes and, depending on the reason 
for overflow, are classed as either dry or wet weather overflows. Sewer blockages are one of 
the main reasons why dry weather sewer overflows occur and are often a result of the entry 
of tree roots into sewer pipes (NRMMC, 2004). Dry weather sewer overflows may also be 
caused by sewer pipe collapse and equipment failure such as pumping station malfunctions 
or rising main burst or damage. The focus of the research presented in this thesis is on wet 
weather sewer overflows. 
 
Wet weather sewer overflows occur as a result of rainfall entering the sewer via inflow and 
infiltration, thus increasing the flows beyond the hydraulic capacity of the sewer (NRMMC, 
2004). Inflow occurs from water entering the sewer network directly such as through 
damaged manhole covers or illegal connection of stormwater drains. Infiltration from 
groundwater or surface water occurs via cracks or openings in sewer pipes, pipe joints and 
manholes. Wet weather overflows may occur at maintenance holes (manholes) as shown in 
Figure 1.1 or at sewerage treatment plants.   
 
Wet weather sewer overflows also occur from designated sewer overflow structures; 
commonly called emergency relief structures, which enable discharge into receiving 
waterways. Emergency relief structures aim to minimise human health effects by enabling 
discharge into the receiving environment thus avoiding sewers backing up into private 
properties. However owing to the many harmful contaminants present in sewage, the 
implications for human and environmental health from wet weather sewer overflows 
discharging into waterways are significant.   
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Figure1.1 Wet weather overflow from a sanitary sewer system manhole (photo courtesy of 
Terry Annan, City West Water) 
 
City West Water (CWW) is one of three water retail businesses responsible for providing 
water and sewerage services in Metropolitan Melbourne (Victoria, Australia). CWW provides 
water and sewerage services to nearly 270,000 residential properties, industries, and small 
businesses in central and western Melbourne. The location of the CWW service area is 
shown in Figure 1.2. CWW and indeed all responsible water authorities in Victoria are 
required under the State Environment Protection Policy (Waters of Victoria), 2003 (SEPP 
(WoV, 2003)) to appropriately manage sewerage infrastructure to reduce the impact of these 
discharges on the receiving waterways. In particular in relation to wet weather overflows the 
SEPP (WoV, 2003) states that ‘Sewerage infrastructure needs to contain flows associated 
with a 1-in-5 year rainfall event or a comparable standard that avoids losses of wastewater.’  
 
CWW currently invest significant resources to manage wet weather sewer overflows. Wet 
weather sewer overflows are primarily managed through implementing structural measures, 
including augmentation of those parts of the sewerage system that lack sufficient capacity to 
transfer flows generated by a 1 in 5 year rainfall event, including works such as pipeline 
augmentation, construction of storage tanks and works to reduce stormwater inflow and 
infiltration into the sewer.  
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Figure 1.2 City West Water location and service area map (adapted from City West Water 
service area map) 
 
To further improve its management of sewer overflows, CWW in conjunction with RMIT 
University commissioned the present research. The research will allow CWW to better 
assess the impact of wet weather sewer overflows on receiving waterways, which is currently 
not possible based on the current knowledge in this area. Furthermore, the research will 
support asset management and planning for sewerage infrastructure by providing a tool to 
identify high priority areas or assets for attention. As the management of wet weather sewer 
overflows is an inherent issue facing all responsible water authorities in Victoria and indeed 
throughout Australia, the research will also be of benefit in this wider context.  
 
1.2 Aims and Objectives 
 
The primary aims of the research are; 
 
1. To deduce the level of health and ecological risk associated with wet weather sewer 
overflows discharging into waterways, and 
 
2.  To provide this information in a manner which enhances water companies’ decision-
making processes with regard to the management of wet weather sewer overflows.   
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To accomplish the aims, the questions below were developed to guide the research and 
provide an indication of the objectives of the research. The research questions arose from a 
review of the literature on this topic, presented in Chapter 2, and are as follows: 
 
1. What impact do wet weather sewer overflows have on the water quality of freshwater 
urban streams? 
 
Water quality is used in the research as an important variable in assessing the ecological 
and health risks from wet weather sewer overflow. Therefore, the question above forms 
the first objective in the present research and is an important first step in achieving the 
aims of the research.  
 
2. For which contaminants is wet weather sewer overflow the main risk driver in light of 
other wet weather pollution sources, including in particular stormwater? 
 
The literature review revealed that sewer overflow impacts were often compounded by 
other pollution sources, particularly stormwater run-off. Therefore, in determining the 
health and ecological risks associated with sewer overflows, it is important that these  
events are not looked at in isolation. This question specifically addresses this issue, 
providing insight into the impacts from sewer overflow as opposed to other pollution 
sources. 
 
3. In addition to water quality, what other variables contribute to the health and ecological 
risks associated with wet weather sewer overflows and what influence do they have on 
risk outcomes? 
 
As indicated in Chapter 2, the literature review revealed that in addition to water quality, 
many other variables are linked to the variation in impacts at different overflow sites. 
Some of these variables included the duration, frequency and strength of the discharge, 
load of contaminants, receiving waterway characteristics, waterway usage and in-sewer 
processes such as sediment accumulation. Identifying other key variables is a necessary 
step in the risk analysis process for this study. In addition, this question directly links to 
the second aim of the research, as those variables which have the most influence on risk 
outcomes can be targeted for management options and data collection. Thus providing 
knowledge to the water industry to improve its management of wet weather sewer 
overflows. 
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4. What is the level of ecological and human health risk associated with wet weather sewer 
overflows discharging into freshwater urban streams? 
 
This question relates directly to the primary aim of the research, however the manner in 
which this information is provided also satisfies the second aim. The previous research 
questions provide important contributions to existing knowledge in their own right. 
However, the knowledge gained from the previous questions are also used to determine 
this final objective or research question.   
 
1.3 Contribution of the Research to Existing Knowledge  
 
The literature review in Chapter 2 showed  that to date there have been few studies into the 
ecological and public health risks or impacts from wet weather sewer overflows, with only 
three studies providing significant findings (Bickford et al., 1999; Pollard et al., 2005; USEPA, 
2004). Therefore, the research will be of benefit by building on existing knowledge in this 
area. Furthermore, the variability in impacts for the various studies reviewed in the literature 
(Bickford et al., 1999; Hall et al., 1998; Iannuzzi et al., 1997; Marsalek et al., 1999) indicates 
that the research will add its own unique information, which relates directly to the site and 
catchment characteristics under investigation.  
 
The literature revealed two key studies (Pollard et al., 2005; USEPA, 2004), which assessed 
the human health risks associated with microbiological contaminants in wet weather sewer 
overflow from sanitary sewers. The study by Pollard et al. (2005) investigated impacts at a 
case study site where the receiving waterway was an estuary. Therefore, findings from this 
study would be most applicable to other similar coastal environments. On the other hand, the 
other key study; the USEPA report to Congress, investigated overall gastrointestinal illness 
rates and beach closures linked to sewer overflows with no specific reference to the type of 
catchments, receiving waterways or even distinction between wet and dry weather sewer 
overflows. The present research focuses on the impacts to freshwater urban streams and 
thus will provide information on public health risks relating to these catchments, which has 
not been previously reported.  
 
The research will help inform future risk assessment in relation to wet weather sewer 
overflows by identifying important variables which contribute to the health and ecological 
risks associated with these events. In addition, the relative influence of these variables on 
risk outcomes is identified, which will allow specific variables within the system to be targeted 
for management options. For example, sewer management planning in Victoria, Australia is 
currently focused heavily on upgrading the capacity of sewer systems, as driven by the 
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requirement of the SEPP (WoV, 2003). An understanding of the influence on risk to receiving 
waterways resulting from sewer overflows arising from storms above and below the SEPP 
(WoV, 2003) benchmark will provide a useful reflection on the benchmark and further inform 
current sewerage management practices. Furthermore, identifying the influence of important 
variables on risk outcomes will allow water retailers to target data collection, concentrating on 
those variables which are most influential on risk outcomes. The literature review in Chapter 
2 showed a lack of information in the existing studies on the benefits of different 
management options in reducing public health and ecological risks. Therefore, knowledge 
gained through inclusion of this element in the present research will be of significant benefit 
to the water industry in managing wet weather sewer overflows.    
 
A major gap in knowledge identified in the literature review was the difficulties in 
extrapolating findings of current studies to other sewer overflow sites, due to the potential for 
impacts from sewer overflow to vary so much between sites. Furthermore, key studies 
(Bickford et al., 1999; Pollard et al., 2005; USEPA, 2004) were often based on broad or very 
specific characteristics making it more difficult to apply the findings to a specific site, event or 
catchment. Consequently, the usefulness of these studies in terms of prioritizing sites for 
overflow abatement or other management options is limited.  
 
To address this gap in knowledge and account for the inherent variability in the domain of 
sewer overflows, risk analysis, which is typically used to aid decision-making in light of 
uncertainty about future events, is the chosen methodology. In particular, a Bayesian 
network risk model is used, which is a novel approach in the investigation of risks from sewer 
overflow. Through probabilistic inference Bayesian networks can be used to examine 
different scenarios and resulting outcomes for a system, making it more applicable for a 
particular sewer overflow event or site. Therefore, water companies can determine the level 
of risk based on the unique conditions at a site or for a particular asset identifying ‘hotspots’ 
or assets that present the greatest risk. The results of the present research supports 
sewerage asset management, as particular assets can be prioritised for works based on the 
findings or risk outcomes of the model.   
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1.4 Research Methodology 
 
Figure 1.3 below provides an outline of the methodology adopted in the research, including  
each of the major steps in the research and the research questions and chapters which 
correspond to each of these steps. The initial stages of the research (highlighted in blue in 
Figure 1.3) involved collecting and analysing water quality data to be used later in the 
analysis of health and ecological risks. An initial assessment of the likely impacts on the 
water quality of receiving waters from stormwater run-off and during ambient dry weather 
conditions was also undertaken at this stage.  
 
The next phase of the research (highlighted in green) included developing a steady state 
mass balance model to simulate contaminant concentrations in the waterway from sewer 
overflow and stormwater run-off. Essentially this involved combining hydrologic and hydraulic 
data with raw sewage and stormwater run-off concentration data. Sensitivity analysis was 
conducted for all model inputs. In addition, a comparison of measured and simulated data 
was undertaken to substantiate the simulated results.  
 
The final phase of the research included an analysis of the ecological and public health risks 
associated with wet weather sewer overflow (highlighted in red). Initially, risk screening of 
contaminants based on a conservative estimate of risk was undertaken. This was followed by 
development of a Bayesian network model to undertake a more rigorous assessment of risk 
for those contaminants identified as high risk during the screening phase. The specific details 
and rationale of each of the steps shown in Figure 1.3 is outlined fully in the corresponding 
chapters shown next to each step. 
 
1.5 Thesis Structure 
 
The thesis is structured to follow each stage of the research in the order that it was 
undertaken. It includes nine chapters which are summarised below.   
 
Chapter One provides the background to the present research. The Chapter outlines the 
aims, objectives and research questions which guided the research. The Chapter also 
identifies the contribution of the research to existing knowledge relative to impacts from wet 
weather sewer overflows. Finally the methodology adopted in the thesis is described. 
 
Chapter Two reviews the literature relating to studies on the impacts of wet weather sewer 
overflows, highlighting existing gaps in knowledge and important factors to be considered in 
the research. The Chapter also provides an overview of risk analysis, which is the chosen 
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methodology for the research, including a review of existing risk assessment techniques 
which have been used for investigating the impacts of sewer overflow. The benefits of using 
Bayesian networks, particularly in light of findings from the literature on sewer overflow 
impacts, are also discussed.  
 
 
Figure 1.3 Schematic diagram of the methodology adopted in the research 
 
Chapter Three outlines the design and methods used in the collection of water quality and 
raw sewage samples. This includes an overview of the study site and the reasons for 
selection of the site. This is followed by an overview and description of the contaminants 
chosen, sampling methods and a discussion of the sampling sites and equipment. Finally 
laboratory analysis techniques and quality assurance measures are discussed. 
Collection and data analysis of 
raw sewage and water quality 
samples - Chapters 3 and 4,Q1 
Generate hydrologic and hydraulic 
data using appropriate models- 
Chapter 5, Q1 
Development of Bayesian network 
model for semi-quantitative 
assessment of risk- Chapter 8, Q3, 
Q4  
Risk screening of 
contaminants in wet weather 
sewer overflow-Chapter 7, Q2 
and Q4 
Develop steady state model to simulate 
contaminant concentrations in waterway 
from wet weather sewer overflow and 
stormwater run-off -Chapter 6, Q1 
Initial assessment of measured 
ambient and stormwater concentration 
data on receiving waterway quality- 
Chapter 4, Q1 and Q2 
Comparison of measured and 
simulated stormwater data-
Chapter 6 
Sensitivity analysis of 
model inputs- Chapters 
5 and 6 
Collect and review 
published stormwater 
data-Chapter 6 
Stormwater 
Ambient 
Raw sewage 
12 
 
Chapter Four presents the data analysis of raw sewage and water quality samples collected 
using the methods in Chapter Three. This includes a description of the data analysis 
methods used followed by an examination and discussion of the summarised data. The 
possible impact of raw sewage concentration data when used later in the sewer overflow 
simulation model is discussed. A discussion of summarised ambient and stormwater 
concentration data is also undertaken to provide an initial indication of the impacts of other 
sources of pollution prior to sewer overflow. 
 
Chapter Five presents the hydrologic and hydraulic data which will be used later in the 
simulation model to predict receiving waterway contaminant concentrations resulting from 
wet weather sewer overflow. Flows in the sewerage system and receiving stormwater drains 
and creek are generated for varying hydrologic and hydraulic conditions using models. In-
sewer, sewer overflow and receiving waterway hydrograph volumes are then summarised 
and used to provide dilution factors for varying hydrologic and hydraulic conditions. Finally, 
the likely impacts of different storms and other key hydrologic and hydraulic variables on 
receiving waterway concentrations are outlined through a review of dilution factors. 
 
Chapter Six outlines a steady state model using mass balance equations in which 
concentration data primarily from Chapter Four and hydrological dilutions from Chapter Five 
are combined to predict levels of contaminants in sewer overflows and receiving waterways. 
First, the concentration data to be used in the model are reviewed followed by an outline of 
the equations used to simulate the concentrations. A worst-case analysis using worst-case 
concentrations and hydrologic and hydraulic data is focused on to simulate results for use in 
Chapter 7. Finally, sensitivity analysis and a comparison of measured and simulated 
concentrations are presented. 
 
Chapter Seven presents a method for the initial screening of contaminants to determine the 
level of risk resulting from sewer overflow, including the use of the worst-case concentrations 
from Chapter Six. Particular attention is paid to other sources of pollution with the level of risk 
from sewer overflow determined in light of ambient or low flow concentrations in the 
waterway and also concentrations from stormwater run-off. 
 
Chapter Eight presents a semi-quantitative assessment of risk for those contaminants 
identified as high risk from sewer overflow in Chapter Seven using a Bayesian network 
model. Firstly the model construction process is outlined. An evaluation of the model 
including both sensitivity analysis and evaluation by experts is then summarised. Finally, 
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model or risk outcomes are presented based on both the current situation at the study site 
and for different scenarios.   
 
Chapter Nine presents the overall summary and conclusions of the research including key 
findings of the work and recommendations for further research.   
 
Appendices are presented at the end of the thesis including additional tables and figures, 
information pertaining to development of the Bayesian network model and publications 
written in relation to the present research.  
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Introduction  
 
This chapter includes a review of studies of the environmental and health impacts of sewer 
overflows or discharges on receiving waterways. The aims of the review are to determine the 
contribution of these studies and identify any gaps in the research area. Although studies 
relating to wet weather sewer overflows arising from sanitary systems are most pertinent, 
studies of the impacts of other sewerage system discharges may also be relevant. Therefore 
to determine what should be included in the review, a comparison of the operation and 
overflow characteristics from wet weather sewer overflows is made with other types of 
discharges, including dry weather sewer overflow and sewerage treatment plant (STP) 
effluent discharge. The differences in wet weather sewer overflow characteristics arising from 
combined and sanitary sewers are also reviewed. 
 
The chapter concludes with an overview of risk analysis, the chosen methodology for the 
research, including a review of existing risk assessment techniques for investigating the 
impacts of sewer overflow. In light of findings from the existing research on sewer overflow 
impacts, the benefits of using Bayesian networks are also discussed.  
 
2.2 Comparison between the Characteristics of Sewerage Treatment Plant Effluent 
Discharges and Sewer Overflow  
 
Sewerage systems are designed to convey wastewater from domestic, commercial or 
industrial properties to treatment plants where they are treated before being recycled, or 
most commonly, discharged to the receiving environment. Most treatment plants discharge to 
receiving waterways and much emphasis has been placed on the management and 
treatment of these discharges. Sewer overflows or spills are not controlled discharges like 
STP effluent, but rather occur typically in extreme or emergency situations. Two types of 
sewer overflows that may occur include dry and wet weather sewer overflows which have 
been described in the introductory chapter, and are likely to result in different impacts than 
those from STP effluent for a number of reasons.   
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Sewer overflows discharge intermittently as a result of either a wet weather event that is 
large enough to overload the sewerage system or from some other failure in the system such 
as a burst pipe. However sewerage treatment plants are typically designed to discharge on a 
daily basis. A scoping study into the impacts from sewer overflow by Eco Water Science 
(Bennison and Westwood, 1996) suggested that sewer overflow may cause an acute impact 
on aquatic life in the receiving waterway followed by a degree of recovery depending on the 
severity of the overflow, whereas the continuous discharge from the STPs is likely to cause 
chronic impacts on the waterway and occasional acute impacts. The frequency of exposure 
to a certain intensity or concentration of pollutant is an important factor in assessing 
ecological risk from discharges (Suter, 2007; USEPA, 1998). The more frequent the 
exposure, the less time the aquatic community will have to recover and therefore the more 
likely it will be adversely affected. A study into the impacts of benthic responses to wet 
weather discharges from urban streams found no significant impact on benthic communities 
from these discharges and suggested this may have been due in part to the episodic nature 
of discharges allowing some recovery (Grapentine et al., 2004). An extensive review of the 
research literature (Niemi et al., 1990) found 150 cases where recovery in some form was 
noted after episodic events.   
 
The Australian Guidelines for Sewerage Systems, Effluent Management (1997) advise that 
disinfection is commonly required for discharge to inland waters, which may include the use 
of chlorine which is harmful to aquatic life (ARMCANZ and ANZECC, 1997). Overflows on 
the other hand do not generally contain free chlorine and therefore reported impacts on 
aquatic life may differ due to this component of the treatment plant effluent.  
 
Bennison and Westwood (1999) point out that STPs often discharge to relatively undisturbed 
waterways which are out of public view, whereas sewer overflows commonly discharge to 
urban streams which are already fairly degraded, hence biota may be more resilient to sewer 
overflows. A study of the impacts of benthic responses to wet weather discharges from urban 
streams found no significant impact on benthic communities from these discharges, and 
suggested that this was partly because the disturbances from stormwater discharge were 
weak compared to other background levels of disturbances, either as a result of natural or 
human factors (Grapentine et al., 2004). Furthermore, in southeastern Australia where 
catchments have impervious areas of greater than 25%, it has been reported as impossible 
to detect localized impacts on benthic communities as these are widely degraded (Walsh, 
2000). 
 
There may be differences in the concentration of discharge from STP to that of sewer 
overflow. Unlike treatment plant effluent, sewer overflow contains raw untreated sewage 
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which may be diluted with stormwater inflow and infiltration in the case of wet weather 
overflows or will be undiluted in the case of dry weather overflows. Hence contaminant 
concentrations in sewer overflow are likely to be higher than in STP effluent, particularly 
where wastewater has undergone tertiary treatment. Table  2.1 below, adapted directly from 
the Australian Guidelines for Sewerage Systems, Effluent Management (ARMCANZ and 
ANZECC, 1997), shows the concentration of a few contaminants for raw sewage (which is 
indicative of levels in a dry weather sewer overflow) and effluent quality following various 
forms of treatment. Depending on the level of treatment, the STP discharge may have 
significantly lower levels than raw sewage. Wet weather sewer overflow levels provided in 
Table 2.2 are taken from a report to Congress by the United States Environment Protection 
Authority (USEPA) (USEPA, 2004b). Table 2.2 shows that levels are similar to those found in 
primary or secondary treated effluent, as shown in Table 2.1. 
 
Table 2.1 STP effluent quality following various levels of treatment (adapted from 
(ARMCANZ and ANZECC, 1997) 
Treatment  TSS (mg/L) BOD (mg/L) TP (mg/L) 
E.coli 
(org/100ml) 
Raw wastewater  (no 
treatment) 
150-450 150-500 6-16 107-108 
Pre treatment 140-350 140-350   
Primary treatment 80-200 120-250 6-14 106-107 
Secondary treatment 25-40 20-30 6-12 105-106 
Nutrient removal 5-20 5-20 <2  
Disinfection    <103 
Advanced wastewater 
treatment 
2-5 2-5 <1 <102 
 
In light of the above evidence, whilst studies measuring the impact of sewage from STP 
discharges may highlight potential problems with sewage pollution, the impacts are likely to 
be different from those of sewer overflow and therefore STP discharges were not considered 
in the literature review.   
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Table 2.2 Median concentration of contaminants in wet weather sewer overflow (USEPA, 
2004b) 
 
Contaminant 
Wet weather sewer overflows (median 
concentration) 
Faecal Coliforms (FC/100ml) 500,000 
BOD (mg/L) 42 
TSS (mg/L) 91 
TP (mg/L) 2 
 
2.3 Comparison of the Characteristics of Dry Weather and Wet Weather Sewer 
Overflows  
 
In reviewing characteristics of wet and dry weather sewer overflow several factors have been 
identified which indicate that the impacts of each on receiving waterways may be significantly 
different. The differences are discussed in the following section.  
 
Dry weather overflows consist of concentrated wastewater or raw sewage, and are likely to 
overflow into waterways where the flow rate is much lower than may be experienced during a 
wet weather event. In contrast, wet weather overflows consist of dilute sewage as a result of 
stormwater inflow and infiltration (I/I) into the sewerage system, and flow rates in receiving 
waterways will be higher as a result of wet weather conditions. Therefore, the quality of 
overflow and resulting concentration in the stream is likely to be much higher from a dry 
weather sewer overflow, evidence for which is shown in the following studies in relation to 
microbiological contaminants.   
 
• A USEPA report to Congress (USEPA, 2004b) included the development of a simple 
model to predict feacal coliform (FC) levels in receiving waters following sewer overflow 
from sanitary sewers. The model shows that overflows consisting of concentrated 
wastewater, which is indicative of dry weather overflow, would be above water quality 
objectives between 68% and 100% of the time for the highest and lowest receiving 
waterway flow rate respectively. However, sewer overflows consisting of more dilute 
wastewater, which is indicative of a wet weather overflow, would be above water quality 
objectives between 2% and 36% of the time for the highest and lowest receiving water 
flow rate respectively. Hence, the results of this model show that dry weather overflow is 
much more likely to result in water quality standards being exceeded than wet weather 
sewer overflows, particularly since dry weather sewer overflows occur at times when 
flows in the receiving waterway are more likely to be lower.   
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• A study of impacts of wet and dry weather sewer overflow from sanitary sewer systems in 
Brisbane, Australia (Pollard et al., 2005), found that, based on measurements of human 
sterol biomarkers, 100% and 20% of faecal contamination was of human origin following 
a dry and wet weather sewer overflow, respectively. The risk to public health is therefore 
higher following a dry weather sewer overflow than following a wet weather overflow.   
 
Wet weather sewer overflows are more likely to occur from the same point in the sewer 
system, which may be a designated overflow point such as an emergency relief structure, or 
otherwise from some other sewer asset such as a manhole. As the overflow occurs due to a 
lack in hydraulic capacity in the sewer, it will usually discharge at the same weak point, 
consequently discharging to the same waterway and location within the waterway. In 
contrast, dry weather sewer overflows are more likely to occur from different parts in the 
sewer system where blockages, pipe bursts or other malfunctions occur. Therefore, 
discharge to the same location and waterway is less likely. As a result, recovery of the 
aquatic community from a dry weather spill is potentially more sustained than from recurrent 
wet weather overflows.   
 
Finally dry weather sewer overflows may be less likely to reach receiving waterways than wet 
weather sewer overflows, particularly where wet weather sewer overflow occurs from 
designated structures within the sewer system specifically designed to convey the overflow 
to the receiving waterway. A sewer overflow model developed for a report to Congress on 
sewer overflows by the USEPA (USEPA, 2004b) found that FC levels were more likely to 
exceed the water quality guidelines when 100% of overflow volume reached the stream than 
if either 50% or 10% of the overflow volume reached the waterway. However, the less dilute 
the overflow and the lower the flow in the receiving waterway, the less difference this makes.   
 
In light of the above factors, as with STP effluent, the reported impacts from dry weather 
overflow are likely to be significantly different from wet weather sewer overflows and are 
therefore not included in the review.    
 
2.4 Comparison of the Characteristics of Wet Weather Sewer Overflows Arising from 
Combined and Sanitary Sewerage Systems  
 
Many studies have focused on the impacts of wet weather overflows from combined sewers 
systems (CSSs), with less emphasis on overflows occurring from sanitary sewer systems 
(SSSs). This is most likely due to a higher proportion of CSSs in many countries, which were 
mostly laid up until the first half of the 20th century, after which point SSSs were more 
typically installed. For example, in the UK, Germany and France combined sewers account 
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for approximately 70% of the total length of sewers (Butler and Davies, 2000). On the other 
hand unlike many countries, in Australia most sewerage systems are SSSs (NRMMC, 2004), 
with the proportion reported to be approximately 85% or more of sewer systems (Carleton, 
1990). The United States also has a high proportion of SSSs as the construction of CSSs 
since the first half of the 20thcentury was generally not allowed (USEPA, 2004b). The United 
States has an estimated 140,000 miles of municipally-owned combined sewers serving 
approximately 46 million people, compared with 584,000 miles of municipally-owned sanitary 
sewer pipes serving approximately 164 million people (USEPA, 2004b). The differences in 
drainage characteristics of these two systems and how such differences may alter the 
impacts from wet weather sewer overflow are discussed below. 
 
Combined sewers carry both domestic, commercial and industrial wastewater and 
stormwater run-off (from roofs, roads and paved areas) in the same pipe system to a 
treatment plant. A separate sanitary sewer system conveys domestic, commercial and 
industrial wastewater to the treatment plant and the stormwater is carried in a separate pipe 
system discharging directly to receiving waters. Whilst SSSs are separate from stormwater 
systems, as some inadvertent stormwater inflow and infiltration into the system will occur, 
they are designed to cater for this additional flow in wet weather. Diagrams of combined and 
sanitary sewer systems are shown below in Figure 2.1, on the left and right of the diagram 
respectively.   
 
Combined and sanitary sewers have designated overflow points which allow discharge to 
receiving waters during wet weather when total flows exceed the capacity of the sewer 
system or treatment plant. Overflows from SSSs discussed in this thesis refer to the 
wastewater pipe system and not the stormwater system, which is referred to as stormwater 
run-off or discharge.   
 
As CSSs are designed to carry all stormwater run-off they need to cater for larger flows than 
sanitary sewers. For example, in the UK combined systems are traditionally designed to 
cater for 6 times the average wastewater or dry weather or sanitary flow, whereas a separate 
system is not likely to carry any more than three times the average wastewater flow (Butler 
and Davies, 2000; Purcell, 2003). Designs may vary however. For example, in the United 
States combined sewers are typically designed to deal with  3-5 times the size of dry weather 
flow (USEPA, 2004b). Therefore, there is not necessarily a standard rule on the design size 
of sewer pipes, which may vary based on factors such as the population served by the sewer 
and the size and layout of the catchment that will contribute to the wet weather flow in the 
sewer (Butler and Davies, 2000; NRMMC, 2004). In general however, CSSs are designed to 
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allow for much larger flows than sanitary sewers, to account for additional flows from 
stormwater run-off. 
 
 
Figure 2.1 Combined and sanitary sewerage system during dry and wet weather conditions 
(source of image:  water.ky.gov/PublishingImages/CSO_graphic.jpg)  
 
The larger flows in the CSSs will not necessarily result in higher frequency, duration and 
volume of overflow, all of which will influence the effect that the overflow event will have on 
receiving waterways. For example a study by Carleton (1990) comparing wet weather sewer 
overflows from CSSs in Lyon, France and SSSs in Sydney, Australia, showed frequencies of 
overflow events from the two systems were similar, but that the sanitary sewer overflowed 
more frequently than the combined sewer. Furthermore, the duration of overflows was found 
to be much greater for the separate sewer than the combined sewer (Carleton, 1990).  As 
mentioned earlier, the frequency of overflow is an important consideration with a greater 
degree of recovery of aquatic life being more likely to occur as result of more infrequent 
events. The duration of exposure of aquatic organisms to contaminants is also an important 
factor. Aquatic organisms have been shown to be able to tolerate higher concentrations of 
pollutants for short periods of time (USEPA, 1991). Hence, the longer the duration of 
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exposure to high concentrations, the greater the chance of adverse effects on aquatic 
organisms. 
 
In the study by Carleton (1990), the greater overflow duration and frequency from the 
separate sewer was reported to be caused by much greater rainfall in Australia during the 
study period and the greater in-line storage of the combined sewerage system. This study 
highlights that overflow frequency and duration are likely to be dependent on the individual 
factors which influence overflows from a system rather than merely a matter of whether it is a 
combined or separate system. This point was also made in USEPA’s report to Congress on 
combined and sanitary sewer overflows. In reference to combined sewer overflows (CSO) 
the following statement was made in the report: ‘Overflow frequency and duration varies from 
system to system and from outfall to outfall within a single CSS. Some CSO outfalls 
discharge infrequently, whilst others activate every time it rains’ (USEPA, 2004b: p. 2-4). 
 
The USEPA report to Congress showed a similar frequency of overflow events from 
combined and sanitary sewers, with an estimated total frequency of 43,000 CSOs per year, 
compared with an estimated frequency of between 23,000 and 75,000 sanitary sewer 
overflows (SSO) per year (USEPA, 2004b). These estimates for SSO volume include 
overflow volumes in both dry and wet weather whereas estimates of CSOs refer to wet 
weather overflows. Therefore, the frequency of wet weather SSOs will no doubt be less than 
this estimate. Unlike frequencies, volumes of overflow are significantly larger from CSSs. The 
USEPA reported the estimated relative annual overflow volumes as 860 billion gallons and 
10 billion gallons from combined and sanitary sewers respectively (USEPA, 2004b). Since 
the frequencies are similar and as mentioned earlier SSSs make up a greater proportion of 
the sewer system, the estimated volumes appear to confirm that the volume of overflow from 
CSOs has the potential to be much greater than from SSOs. It is not possible to draw a 
definite conclusion however, as CSSs and SSSs are located in very different geographic 
areas and it is unknown what the difference in rainfall was between these areas when these 
estimates were made. 
 
Contaminants in CSO may be more influenced by stormwater run-off than SSO as CSSs 
which intentionally receive stormwater run-off are designed to carry larger wet weather flows 
than SSSs. In a study into the toxicity of CSOs, it was suggested that the relative proportion 
of raw or sanitary sewage in CSOs during significant storm events may be only as high as 
several per cent (Marsalek et al., 1999). The influence of the stormwater run-off on the CSO 
is highlighted in the USEPA report to Congress which points out various factors which 
influence the pollutant concentrations in CSOs, which are akin to those which also affect 
discharge concentrations from a stormwater-only system (USEPA, 2004b). For example, a 
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first flush effect from CSO, where peak pollutant concentrations are observed at the 
beginning of the event, is likely to occur. However, this phenomenon is not always observed 
(Sztruhar et al., 2002). Furthermore, the time between rain events is important, with higher 
pollutant concentrations expected for longer dry periods due to the accumulation of pollutants 
on catchment surfaces, and possibly also due to accumulation of sediments in the sewer. 
Finally, the intensity and duration of the wet weather event is an important influencing factor 
on concentrations in CSOs (USEPA, 2004b). SSOs, on the other hand, may be more heavily 
influenced by the nature of the sanitary or raw sewage flow than CSOs, and it is not clear 
whether these other processes typical of a stormwater system will be a large contributing 
factor in the concentration of the SSO. 
 
Despite the potential differences in the contributions of raw sewage and stormwater to wet 
weather flows in combined and separate sewerage systems, pollutant concentrations in CSO 
and SSO are similar (Carleton, 1990; USEPA, 2004b). Carleton (1990) found that the 
concentration of suspended solids (SS), chemical oxygen demand (COD) and biochemical 
oxygen demand (BOD) for both the Sydney SSO and the Lyon CSO were very similar. The 
USEPA report to Congress, which compiled a dataset on CSO and SSO concentrations, 
found that BOD and SS were also similar from wet weather CSOs and SSOs. Furthermore 
the USEPA also found that levels of zinc in CSO and SSOs were similar. On the other hand, 
concentrations of total phosphorus were an order of magnitude higher in SSOs than CSOs 
and concentrations of faecal coliforms in SSOs were double those in CSOs. Despite the 
concentrations being similar for SS and BOD and higher in SSO for FCs, the load from CSOs 
was an order of magnitude higher than from SSOs due to greater overflow volumes, as 
discussed earlier (USEPA, 2004b).  
 
Load (mass per unit time) is also a useful means of assessing the relative contribution of 
different sources to various contaminants in the waterway and provides an overall indication 
of the amount of pollutants that the environment will need to assimilate. In addition, for some 
contaminants including nutrients, SS and BOD loads may be more indicative of potential 
adverse effects than pollutant concentrations (ANZECC and ARMCANZ, 2000a). For 
example, although the concentration of nutrients in the water column contributes to algal 
growth, the algal biomass is more controlled by the total mass or load of available nutrients 
(ANZECC and ARMCANZ, 2000a). 
 
From the information gathered, the significance of these differences between the combined 
and sanitary sewer systems is not clear in terms of the likely impacts of sewer overflows from 
these two systems. The CSS and SSS are two different drainage systems, and more 
uncertainty would be introduced by using findings from CSOs to represent SSOs. Therefore, 
23 
the literature review focuses on impacts from wet weather SSOs. However, as there are 
many similarities between the two systems, where there is a lack of information on SSOs, it 
may be supplemented by findings relating to CSOs. 
 
2.5 Review of Findings on the Environmental and Public Health Impacts from Wet 
Weather Sewer Overflows  
 
As mentioned earlier, there has been less research on impacts of wet weather sewer 
overflows from sanitary sewers than combined sewers. A review of the limited number of 
studies which have investigated impacts specifically from wet weather sewer overflow arising 
from separate sanitary sewers is provided in this section. The studies are divided into local 
and international. One overseas examination of sanitary sewer overflows is a report to 
Congress on impacts from sewer overflows compiled by the USEPA (USEPA, 2004b). As the 
report has limited information relating to aquatic impacts from SSO, several international 
studies relating to aquatic impacts from CSOs are reviewed. A number of Australian studies 
are also included which are considered the most relevant to the present thesis as they are 
likely to be more representative of local conditions, sewerage infrastructure and drainage 
practices. 
 
2.5.1 ‘Report to Congress: Impacts and Controls of CSOs and SSOs’ (USEPA, 2004b) 
 
The findings in relation to various impacts compiled in this report are summarised under 
human health and aquatic life impacts 
 
Health impacts 
 
The following section outlines the impacts from SSO relating to human health presented in 
the report.  
 
Due to a lack of existing data on the severity of impacts on water quality from SSOs, for this 
report a simple dilution model was developed to estimate the likely impact of SSOs on 
different sized receiving water bodies, based on assumptions about event duration and 
concentrations of faecal indicators in SSO discharges. Impacts were measured as the 
percentage of time SSOs would cause water quality standard violations for faecal coliforms 
in receiving waters. Sewer overflows consisting of more dilute wastewater, which is indicative 
of a wet weather overflow, would result in levels above water quality objectives between 2% 
and 36% of the time for the highest and lowest receiving water flow rate respectively (based 
on 100% of overflow reaching the waterway). Based on these model outcomes, where flows 
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in the waterway are large, as may be the case in large wet weather events, the percentage of 
water quality violations is very low and they are not likely to present a public health threat to 
water users.   
 
The USEPA found very limited quantitative evidence where cause–effect relationships 
between SSOs and human illness were confirmed. Therefore, for this report the USEPA 
estimated the annual number of gastrointestinal illness caused by SSO discharges at a small 
subset of US recognized swimming areas. The Cabelli/Dufour dose-response function for 
marine and freshwater was used to estimate the number of illnesses and incorporated the 
estimated swimmer days when people would be exposed to contamination from SSOs and 
the concentration of bacteria swimmers would be exposed to following overflow. A more 
detailed presentation of the USEPA methodology can be found in Appendix J of the report. 
The results show that SSOs are estimated to cause between 2,269 and 3,669 cases of 
gastrointestinal illness annually at the recognized beaches included in the analysis. Levels 
are greater than those from CSOs, which were found to cause between 845 and 1367 cases 
of gastrointestinal illness annually. The USEPA consider that this captured only a small 
proportion of the annual illness likely to be attributed to SSO contamination of recreational 
waters, as only “highly” credible gastrointestinal symptoms were considered, rather than all 
gastrointestinal symptoms when estimating illness using the dose-response model. 
Furthermore, only a small proportion of beaches were included in the analysis. These 
findings indicate that although SSOs contribute to illness in recreational users, it is unclear 
what proportions of illness result from wet and dry weather overflows.   
 
The USEPA report highlighted 11 disease outbreaks accounting for 7,764 cases of 
waterborne illness which were linked to drinking water contaminated with sewage from 1985-
2000. Only one of these outbreaks was directly linked to sanitary sewer overflows, which 
resulted in 243 cases of diarrhoea and four deaths of residents of and visitors to Cabool, 
Missouri, who drank contaminated municipal water (Swerdlow et al. 1992, referenced in 
USEPA, 2004b). It was observed that Cabool’s SSS was prone to stormwater infiltration and 
that frequent wet weather sewer overflows occurred from the system. The sewer overflowed 
onto the ground over drinking water distribution lines which were under construction at the 
time of the outbreak, which allowed untreated sewage to contaminate the drinking water 
system (Geldreich et al.1992, referenced in USEPA, 2004b).  
 
Impacts on recreation in the report are assessed in terms of beach closures as a result of 
overflows. Beach closures are not an indication of direct impacts such as illness in users, but 
do point out how overflow events affect public amenity. Based on data collected on sources 
of pollution that resulted in beach advisories or closings, SSOs were responsible for 6% of 
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reported advisories and closings in the US. It is not clear what proportion of the 6% were 
attributable to dry and wet weather overflows. When compared with other sources 
responsible for beach closures such as stormwater run-off and unknown sources, which 
were responsible for 21% and 43% of reported closings respectively the contribution of SSOs 
is quite small. It is difficult to know whether the perceived risks which led to the beach 
closures are representative of the actual risk to users. For example, several towns in 
Connecticut close the beaches following heavy rainfall, on the assumption that CSOs and 
SSOs will occur and pollute waterways, whereas in other states such as California beach 
closures occur only where bacterial standards are exceeded. In California, SSOs account for 
a much higher proportion of beach closures than for the country as a whole. SSOs 
accounted for 42% of beach closures in 2000. However, it is unclear what percentages were 
a result of dry and wet weather sewer overflows.   
 
Aquatic life impacts 
 
Although there are limited findings in the report relating to aquatic life impacts from SSOs, 
the documented incidences of fish kills as a result of sewer overflows from sanitary sewers 
are discussed. Fish kills are caused by oxygen-depleting substances in the sewer overflow, 
which reduce dissolved oxygen levels in receiving waters below levels which can support 
aquatic life. A summary of fish kills in North Carolina between 1997 and 2002 reported that 
nearly 10,000 fish deaths were attributed to SSOs. However, fish kills from SSOs made up 
only a small proportion of the total fish kills reported for this period. It is not clear to what 
degree wet weather or dry weather sewer overflows contributed to the SSOs documented as 
causing these fish kills. 
 
2.5.2 Aquatic life impacts relating to combined sewer overflows 
 
Due to the limited information on aquatic impacts associated with wet weather sewer 
overflows, some major studies of the aquatic impacts from CSOs are summarized in this 
section. These studies are by no means exhaustive but provide an indication of some major 
findings. Whilst separate systems operate differently to combined sewers as discussed 
earlier, these studies provide a general indication of potential impacts that may occur from 
wet weather sewer overflows. 
 
In a study of the aquatic impacts of CSOs discharges in the Greater Vancouver regional 
district in Canada (Hall et al., 1998), ecological effects were assessed based on sediment 
quality surrounding a major CSO outfall, followed by toxicity bioassays and benthic 
community structure analysis at this same site. Findings showed that concentrations of 
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contaminants up to 200 meters from the CSO outfall were above threshold effects levels, 
including for silver, zinc, chrysene and Benzo(a)pyrene. Sediment bioassays confirmed that 
these sediments were toxic to marine amphipods and blue mussel larvae in areas up to 200 
meters from the outfall. Furthermore, assessment of benthic invertebrate community 
structure surrounding the outfall confirmed the area of exposure and negative impacts of the 
CSO discharge. At another CSO which had a much smaller discharge volume, metal 
concentrations were lower and overall toxicity to marine amphipods was low in the area 
surrounding the outfall. Importantly, the study pointed out the need for individual site 
evaluation to assess environmental effects, which was highlighted in the differences between 
the impacts from the two sites, and suggested that the effects of CSO contaminants will 
depend upon receiving water characteristics and contaminant loading.  
 
Toxicity of CSOs was studied at 15 sites in Southern Ontario, Canada where collected water 
and sediment samples from CSO sites were tested for toxicity using a range of different 
bioassay tests in a laboratory rather than in-situ (Marsalek et al., 1999). Bioassay tests 
showed that the highest frequency of severe and moderate toxicity from CSO sites were 3% 
and 26% respectively, and sites of CSOs appeared to be significantly less toxic than sites 
where stormwater only was discharging. It was suggested that the reason for this was due to 
an abundance of organic matter and solids in CSOs, which adsorb dissolved toxicants thus 
making them less bio-available and thereby reducing the toxicity of CSO discharges. A study 
into the sources of pollution in wet weather flows in combined sewers also found that there 
was a change in the chemical form of heavy metals during transport in the sewer, and it was 
suspected that a fraction of the dissolved metals is adsorbed on sewer sediments (Gromaire 
et al., 2001). The frequency of CSO toxicity did not appear to vary much between sites, 
however those sites that did show higher frequencies of toxicity were traced to wastewater 
inputs from institutional (e.g hospitals) and industrial facilities. The lowest toxicity was 
observed at a residential site, thus highlighting the difference that varying wastewater types 
can have on sewer overflow impact outcomes.  
 
A study of sediment contamination from CSO discharges along the lower Pasaasic River in 
New Jersey, USA was undertaken (Iannuzzi et al., 1997). Sediments adjacent to four CSOs 
were collected and the results showed that sediments close to CSOs were contaminated with 
a range of chemicals including metals, polycyclic aromatic hydrocarbons (PAHs), 
polychlorinated biphenyls (PCBs), pesticides and organic chemicals. Spatial distribution of 
the contaminants supported CSOs as the source of contamination. The type and 
concentration of chemicals varied in the sediments near the different CSOs and were 
strongly linked to the type of industries discharging wastewater to CSSs within each CSO 
district. 
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The USEPA report to Congress referred to several studies where aquatic impacts from 
CSOs had been investigated (USEPA, 2004b). These included a study of CSOs as a source 
of PCB contamination in the Bufflao River, New York (Loganthan et al.1997, referenced in 
USEPA, 2004b). The presence of PCBs was detected in CSOs which were confirmed as a 
source of PCB contamination in the river. However, monitoring at other sites indicated that 
PCB loadings were 10 times higher from unknown and non-CSO sources than from all of the 
CSOs in the lower Buffalo River (Atkinson et al.1994, referenced in USEPA, 2004b). Another 
study measured the toxicity of CSO discharges in the City of Toledo, Ohio (Jones & Henry 
Engineers, 1997). Whole effluent toxicity testing was done on samples collected at four CSO 
outfalls during wet weather. Short terms toxicity was observed in samples from two CSOs, 
and from the other two CSOs chronic (long-term) toxicity was observed. Some chronic 
toxicity effects were also observed from river samples collected upstream and downstream of 
CSO discharges. Therefore, downstream toxicity might not be from the CSO alone but also 
from an upstream source.   
 
As already mentioned, impacts from CSOs have been widely researched and the studies 
discussed above are merely a representative sample. While they indicate to varying degrees 
marked environmental impacts from CSOs, in many cases other sources may contribute to 
impacts.   
 
2.5.3 Australian studies 
 
The following section outlines the main studies that have been conducted in Australia 
investigating wet weather sewer overflow impacts from SSSs. Two main studies undertaken 
in Sydney and Brisbane are discussed in detail, followed by a brief discussion of other 
studies which were mostly inconclusive or preliminary. 
 
Sydney Study- ‘Aquatic ecological and human health risk assessment of chemicals in 
wet weather discharges in the Sydney region, New South Wales, Australia’ (Bickford 
et al., 1999) 
 
Sydney Water undertook a comprehensive study to assess risks from wet weather sewer 
overflows to human health and aquatic organisms in receiving waterways (Bickford et al., 
1999). Sites investigated included a wide range of catchments and receiving water conditions 
and included locations downstream of major sewer overflow sites. The study investigated the 
risks associated with chemical contaminants from wet weather discharges including sewer 
overflows. A very comprehensive list of 114 chemicals was investigated, including a wide 
range of organics, heavy metals and an additional nine conventional compounds such as 
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ammonia, chloride, and nitrite. Furthermore, some non-chemical physical stressors were also 
investigated, including dissolved oxygen, salinity, total suspended solids, sedimentation and 
scouring. Finally bioassays or toxicity testing of receiving water, sewer overflow and 
sediment samples and field surveys of benthic macro-invertebrates was conducted. The 
major findings of the studies were as follows: 
 
• Chemicals of concern (COC) were identified at one or more of the receiving water sites 
evaluated including 3 metals, 5 organic chemicals, 3 conventional chemicals, two 
physical stressors and an additional 3 organic chemicals for freshwater sites. 
 
• More than 85% of the load of the chemicals which were identified as a concern originated 
from catchment sources rather than sewer overflows.    
 
• Consequently, most of the aquatic ecological risk is from stormwater inputs rather than 
wet weather sewer overflow. The exception was for ammonia and nitrite which were 
associated with both stormwater and sewer overflow inputs. 
 
• Modelling revealed that abatement of wet weather sewer overflows did not significantly 
reduce the number of COC, or the length of time COC were above toxicity thresholds for 
most chemicals as they were primarily associated with stormwater run-off. The exception 
to this was silver, for which, despite being primarily associated with stormwater run-off, 
the duration of risk was reduced following overflow abatement in some waterways. 
Furthermore, the risk posed from ammonia and nitrate, which were associated with both 
stormwater and sewer overflow, was reduced following overflow abatement in most 
waterways. 
 
• Depressions in dissolved oxygen from wet weather discharges were predicted to be of 
concern at 14 of the 37 sites. However it was unclear what portion of this was attributable 
to wet weather sewer overflows as opposed to stormwater discharge.   
 
• Modelled data showed that following wet weather overflow there is the potential for 
chronic risk to aquatic life from suspended solids at 17 of the 37 sites evaluated 
 
• Potential loss of habitat of benthic organisms as a result of scouring was identified at five 
sites. However, this was only found in a small area adjacent to the overflow.   
 
• Sedimentation of suspended particulates was identified at 10 of the 37 sites. However, 
the contribution of sewer overflow to this impact was small.   
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• The field survey of benthic organisms was inconclusive regarding the impacts of sewer 
overflow as communities were depauperate both upstream and downstream of overflows. 
Therefore, even if overflows were abated, it is likely that these sites would remain 
impacted due to inputs of stormwater run-off.   
 
• The results of toxicity bioassay tests revealed that undiluted sewage from overflows is 
toxic. However, conclusions could not be drawn on the impacts of overflows on the 
toxicity in receiving waterways downstream of overflows. The receiving waters upstream 
of overflows were toxic in wet weather, suggesting that much of the measured toxicity 
may be attributable to stormwater. Bioassays of sediment collected near overflow sites 
did not indicate toxicity (for short term exposure). However, as this was only confirmed 
with amphipods, organisms whose sensitivity differs to amphipods may or may not 
display effects. 
 
• In relation to human health risk, there was no risk to people engaged in water-based 
activities from sewer overflow and predicted cancer risks based on consumption of fish in 
contaminated waters appear to be largely a result of stormwater rather than sewer 
overflow inputs.   
 
Brisbane Study- ‘Impacts of sewage overflows on an urban creek’ (Pollard et al., 2005) 
 
A study of the impact of both wet and dry weather sewer overflows and stormwater run-off on 
a tidal waterway in the suburb of Lota in Brisbane examined a wide range of physical, 
chemical and microbiological contaminants (Pollard et al., 2005). Microbiological 
contaminants measured in the waterway following these events included faecal indicators, 
bacterial, protozoan and viral pathogens. Human sterol biomarkers were also measured to 
determine what percentage of faecal contamination was of human origin, which would 
contain those pathogens most likely to cause illness. Ecosystem health contaminants such 
as nutrients, dissolved oxygen and suspended solids and an extensive range of chemical 
contaminants were also measured in the waterway following sewer overflow and stormwater 
run-off. Finally, levels of endocrine disruptors, which have more recently been identified as a 
potential threat from sewage pollution, were measured following sewer overflow.   
 
Major findings of the study were as follows; 
 
• Stormwater was a greater stressor of ecological health than sewer overflow. Impacts of 
increased turbidity, nitrogen and phosphorous and dissolved organic carbon in the water 
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column were low from wet weather sewer overflow and restricted to the point of release 
but unacceptably high from stormwater run-off, which was the main contributor.  
 
• Due to physical re-aeration rates being greater than the microbial respiration rates, wet 
weather sewer overflow did not cause reduced dissolved oxygen levels in the stream. 
This may be different for other streams where physical re-aeration rates are lower. 
Another study of dry weather overflow into the Swan and Canning estuary in Perth, 
Australia also pointed out that whilst dissolved oxygen levels following the spill were 
acceptable in the lower reaches of the estuary, this may not be the case further up the 
water course where there is less tidal movement (D.A. Lord & Associates Pty Ltd., 1997).  
 
• Metals were below safe levels in the waterway following sewer overflow due to the 
dilution effects of the overflow in the waterway.   
 
• Wet weather sewer overflow may result in unacceptable levels of endocrine disruptors in 
the tributary which received the overflow. Findings relating to endocrine disruptors were 
an estimate of levels in the waterway based on known levels in raw sewage and 
hydrological dilutions of raw sewage which would occur during a sewer overflow event, 
as measured levels were below the detection limit.   
 
• Both wet and dry weather sewer overflow rather than stormwater run-off presented an 
unacceptably high public health risk to users of the waterway due to a high level of 
human faecal contamination, as confirmed by the measurement of human sterol 
biomarkers.   
 
• During wet weather overflow, only 20% of faecal indicators were of human origin 
compared with 100% following dry weather sewer overflow. However, this still presented 
an unacceptably high health hazard.   
 
• The high public health hazard following wet weather sewer overflow also resulted in a 
loss of recreational amenity. 
 
• Whilst faecal indicator levels were high as a result of stormwater run-off (with no sewer 
overflow), there was a low risk from human faecal contamination.   
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Other minor studies  
 
Some other local studies were undertaken in Melbourne, Australia, although findings were 
mainly preliminary or inconclusive. One study was aimed at determining a suitable bio-
indicator capable of distinguishing the impact on receiving waterways from stormwater drains 
with and without emergency relief structures (ERSs) attached (Duke and Veenstra-Quah, 
1997). Both macro-invertebrates and diatoms were investigated in the study as potentially 
suitable indicators. The diatom analysis failed to establish any difference in the impacts of 
the different drains. Results of macroinvertebrate sampling showed a significant difference 
between sites above and below each drain, indicating that all drains were having a negative 
impact on the creek. However, it was not possible to distinguish the different impacts from 
each drain, given the background deterioration in biological community occurring down the 
length of the stream resulting from these drains but also other inputs. Further monitoring of 
macro-invertebrates particularly following sewer overflow was recommended to detect direct 
impacts from ERSs and distinguish between other drains not attached to ERSs. 
 
An early study into the impacts of sewer overflow and stormwater discharges undertaken in 
various locations in the Sydney area included sampling of sewer overflow and stormwater 
run-off (Carleton, 1992). Results were reported as preliminary but indicated that pollutant 
concentrations which included BOD, COD and SS from sewer overflow and stormwater run-
off were similar. Another study (Ngo et al., 1992) also in Sydney aimed to investigate the 
relative contributions of pollution from stormwater run-off and sewer overflow to waterways. 
Two overflow events were sampled including levels upstream and downstream of the 
overflow. Results showed that overflow adds to pollution levels in the waterway including 
BOD, COD, ammonia, orthophosphate and faecal coliforms with levels at the overflow and 
downstream site higher than those at the upstream site. However, results also indicated that 
wet weather conditions in general result in significantly higher pollutant concentrations than 
in dry weather, and for one event stormwater and sewer overflow appeared to have similar 
effects on pollution levels in the waterway. 
 
2.6 Discussion of Main Contributions of, and Gaps in, the Existing Literature 
 
The number of studies investigating the impacts of sanitary wet weather sewer overflows is 
quite limited, particularly when compared to the number of those on other wet weather 
discharges such as combined sewer overflows and stormwater run-off. As mentioned earlier, 
one of the reasons for this is that in many countries combined sewers predominate. Studies 
in Australia, where sanitary sewers are most common have also been quite limited in number 
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and therefore additional research into this area will add to the limited knowledge base on this 
topic.   
 
Table 2.3 provides a summary of the contributions and gaps in knowledge of the three main 
studies (Bickford et al., 1999; Pollard et al., 2005; USEPA, 2004), which investigated the 
impacts of wet weather sewer overflows from sanitary sewers. First, the types of 
contaminants considered in these studies is provided in Table 2.3. Other pollution sources 
considered in each study is also noted along with the contributions and gaps in the impact 
assessment techniques used. The management options to reduce impacts from sewer 
overflow investigated in each study is also provided. Finally, the applicability of the findings of 
each of the studies to other overflow sites and events is considered.  
 
As shown in Table 2.3 only the study by Pollard et al. (2005) and the USEPA report to 
Congress assessed the human health risks associated with microbiological contaminants in 
wet weather sewer overflow from sanitary sewers. Although the health impacts of sewage 
pollution in recreational waters has been widely researched (Pruss, 1998; Wade et al., 2003), 
the studies reviewed in this chapter (Pollard et al., 2005; USEPA, 2004) are unique in the 
sense that they focus specifically on sewer overflow and hence contribute significantly to the 
body of knowledge in this area. Furthermore, the findings in each of these studies (refer to 
Section 2.5) indicate the importance of the inclusion of microbiological contaminants in any 
assessment of risk from sewer overflow. 
 
As shown in Table 2.3 human sterol biomarkers were used by Pollard et al. (2005), to identify 
the proportion of pathogen indicators in the receiving waterway which were of human origin, 
from sewer overflow and stormwater run-off. Subsequently, the human sterol work was used 
to compare the public health risk from sewer overflow and stormwater run-off. However, the 
extent of human exposure following sewer overflow was outside the scope of this study, 
which meant that the final risk assessment was incomplete (Pollard et al., 2005). Human 
biomarkers have been used elsewhere in identifying sewage contamination in receiving 
waters (e.g. Bate et al., 1997; Leeming et al., 1996) but to the author’s knowledge this study 
is the first in relation to separate sanitary sewer overflows.  
 
Table 2.3 shows that the USEPA report to Congress also reported on the health impacts of 
wet weather SSOs, including the estimated percentage by which water quality objectives 
were exceeded for faecal indicators in the receiving waterway from overflows. Other pollution 
sources of faecal indicators such as stormwater run-off were not assessed in the study and 
measured data on faecal indicator concentrations from actual events were not collected. 
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Table 2.3 Summary of the contributions and gaps in knowledge of the major studies investigating impacts from wet weather SSOs.  
 Microbiological 
contaminants 
Chemical 
contaminants 
Ecosystem 
health 
contaminants 
Comparison 
with other 
pollution 
sources 
Assessment 
methods 
Management 
options 
Applicability of 
findings to 
other sites and 
overflow events 
Brisbane 
(Pollard 
et al., 
2005) 
 
 
C
o
n
trib
u
tio
n
s
      
 Human sterol 
biomarkers, 
pathogens, 
faecal indicators 
Metals, 
toxicants, exotic 
chemicals, 
radioisotopes, 
endocrine 
disruptors 
Nutrients, 
dissolved 
oxygen (DO), 
TSS 
Stormwater 
run-off, 
ambient 
conditions, dry 
weather sewer 
overflows 
Quantitative 
microbial risk 
assessment 
technique using 
human sterol 
biomarkers. Other 
contaminants 
compared against 
ANZECC targets 
 Provides 
valuable 
information on 
sewer overflow 
impacts for tidally 
influenced 
streams 
G
a
p
s
 
    Public health risk 
assessment could 
not be completed as 
swimmer exposure 
data not collected 
None 
considered 
One case study 
site investigated 
and findings only 
applicable to 
other estuaries 
Sydney  
(Bickford 
et al., 
1999) 
C
o
n
trib
u
tio
n
s
 
 
 
114 chemicals 
of concern incl. 
organics, heavy 
metals and nine 
other 
conventional 
compounds. 
Toxicity testing 
and sediment 
sampling also 
undertaken 
DO, salinity, 
TSS, 
sedimentation, 
scouring. 
Surveys of 
macro-
invertebrates 
was also 
undertaken 
Stormwater 
run-off, 
sewerage 
treatment plant 
effluent 
Ecological and 
human health risk 
assessment 
techniques 
Sewer overflow 
abatement 
 
Different 
catchments and 
overflow sites 
studied to 
account for 
variability 
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Table 2.3 (cont). 
 Microbiological 
contaminants 
Chemical 
contaminants 
Ecosystem 
Health 
contaminants 
Comparison 
with other 
pollution 
sources 
Assessment 
methods 
Management 
options 
Applicability of 
findings to 
other sites and 
overflow events 
Sydney  
(Bickford 
et al., 
1999) 
G
a
p
s
 
Microbiological 
contaminants 
not considered. 
 
   Public health risk 
from microbiological 
contaminants  not 
considered 
Other options 
not considered, 
for example 
treatment of 
sewer overflow  
 
Data from 
different sites 
and catchments 
pooled so difficult 
to distinguish 
impacts between 
sites and 
catchments 
USEPA  
report to 
Congress 
(USEPA, 
2004) 
C
o
n
trib
u
tio
n
s
 
Faecal 
indicators 
(simulated 
concentration) 
 
- - - Estimated 
percentage of faecal 
indicators above 
water quality 
objectives, 
assessment of 
gastrointestinal 
illness, number of 
beach closures 
  
G
a
p
s
 
No measured 
data 
 
Not considered Not considered Not 
considered 
Could not distinguish 
between impacts 
resulting from wet 
and dry weather 
sewer overflow 
None 
Considered 
Overall broad 
assessment 
which is difficult 
to apply to a 
particular site or 
catchment 
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The estimated contribution of SSOs to gastrointestinal illness in recreational users and the 
impact of SSOs on recreational amenity (due to beach closures) were also assessed in the 
USEPA report to Congress. However, it was not clear what proportion of illness and beach 
closures were a result of wet and dry weather sewer overflows.  
 
Only the studies in Sydney and Brisbane (Bickford et al., 1999; Pollard et al., 2005), assessed 
impacts from chemical and ecosystem health contaminants from sewer overflow (refer to Table 
2.3 for a full list of contaminants). This included a comparison of impacts of sewer overflow with 
impacts of stormwater pollution. As mentioned earlier, findings of these two studies highlighted 
stormwater as the main risk driver of ecological risk, more so than sewer overflow. Furthermore, 
another study (Marsalek et al., 1999), which compared the toxicity of CSO discharge and 
stormwater run-off also found that stormwater was significantly more toxic than combined sewer 
overflow. Stormwater impacts have been widely acknowledged elsewhere without reference to 
sewer overflows and therefore it is not unexpected that stormwater is a serious threat to 
waterway health. However, a comparison of the impacts from stormwater run-off and sanitary 
sewer overflow has not been widely considered. Therefore the studies reported here (Bickford et 
al., 1999; Marsalek et al., 1999; Pollard et al., 2005), contribute significantly to existing 
knowledge of impacts resulting from sewer overflow and also in the wider context of wet weather 
discharges. 
 
The significance of the contribution of pollution sources other than sewer overflow to the impacts 
on waterways has also been pointed out elsewhere. The USEPA report to Congress 
emphasised that other sources of pollution compounded impacts from sewer overflows, 
including pollution from wastewater treatment plants, industrial point sources, agricultural 
practices, urban stormwater, domestic animals and wildlife and commercial and recreational 
vessels (USEPA, 2004). Eganhouse and Sherblom (2001) studied the impacts of discharge from 
a larger CSO on the Boston harbor. They reported that sediments near the CSO were heavily 
impacted by sewage, but based on molecular marker data, the source was mainly derived from 
two treatment plants that discharged sludge into the harbor in years past, rather than the CSO 
outfall. Nutrient and heavy metals loads into the Swan and Canning estuary in Perth, Australia 
resulting from sewer overflow were found to be significantly less than from other sources 
including from stormwater run-off (D.A. Lord & Associates Pty Ltd., 1997). As mentioned earlier 
in the review, Duke and Veenstra-Quah (1997) reported that it was not possible to distinguish 
the different impacts of sewer overflow and stormwater discharges due to the background 
deterioration in the waterway resulting from these drains but also other inputs. Therefore, these 
studies (D.A. Lord & Associates Pty Ltd., 1997; Duke and Veenstra-Quah, 1997; Eganhouse and 
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Sherblom, 2001; USEPA, 2004), and the findings in relation to stormwater impacts indicate the 
importance of considering other pollution sources, particularly stormwater run-off, in any 
investigation into the effects of sewer overflows on receiving waters.  
 
As shown in Table 2.3 only the Sydney study reviewed options to manage wet weather sewer 
overflow. A reduction in chemicals and thus risk following sewer overflow abatement detailed in 
this study was very useful, however no other management options were reviewed. There is 
clearly a lack of information in the existing studies on the benefits of management options in 
reducing public health and ecological risks. Therefore, knowledge gained through inclusion of 
this element in the present research could be of significant benefit in managing wet weather 
sewer overflows.    
 
A review of studies on the impacts from wet weather sewer overflows shows that the effects of 
sewer overflows on receiving waterways are very much dependant on individual site 
characteristics, with differences reported between sites and even between events. This was 
highlighted in the Sydney study (refer to Section 2.5.3), which showed different impacts between 
sites including the risk to aquatic life from suspended solids, loss of benthic habitat from 
scouring, depressions in dissolved oxygen and sedimentation of suspended particulate. In 
addition, following the abatement of sewer overflow, risks from nitrite, ammonia and silver were 
not reduced at all overflow sites and waterways. The USEPA report to Congress showed that 
there was a difference in the rate of non-compliance with feacal indicator water quality objectives 
as a result of different sanitary sewer overflow events (USEPA, 2004). Likewise, studies relating 
to wet weather sewer overflows from CSSs in this review, where more than one CSO was 
investigated, reported differences in impacts between CSOs. This included differences in loads 
(Hall et al., 1998), toxicity (Marsalek et al., 1999), and sediment contamination (Iannuzzi et al., 
1997).  
 
Various factors which may influence the impacts from sewer overflow and therefore contribute to 
the differences in impacts between sites are discussed below. 
 
Various studies of aquatic impacts from CSOs (Hall et al., 1998; Iannuzzi et al., 1997; Marsalek 
et al., 1999) reviewed in this chapter, showed the type of wastewater discharged to the sewer 
system within the overflow area may impact on the concentration or strength of contaminants in 
the overflow, and therefore resulting impacts. The details of the findings from these studies 
reported here were presented in Section 2.5.2.  
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The model used in the USEPA report to Congress to predict faecal indicator concentrations in 
receiving waters following overflow emphasised the degree of dilution based on the strength of 
concentration in the overflow, the overflow volume, and the flow in the receiving waterway as 
important factors in determining receiving water quality and subsequent impacts (USEPA, 2004). 
The Brisbane study also found that many contaminants during wet weather overflow were 
rapidly diluted in the sewer network and the waterway which reduced adverse impacts. The 
Brisbane study suggested that hydrological in-pipe dilution and stormwater dilution were some 
important factors to determine ecological risk from sewer overflow in other tidally-exchanged 
streams (Pollard et al., 2005). 
 
In addition to the strength of the concentration of contaminants in the overflow, the duration and 
frequency of sewer overflow is likely to influence the impacts on public health and aquatic life, 
particularly in terms of effects from toxicants (USEPA, 1991) and also microbiological hazards. 
The duration and frequency of wet weather sewer overflow are likely to differ, based on the 
hydraulic capacity of the sewer system and the amount of stormwater inflow and infiltration (I/I) 
into the sanitary system. Stormwater I/I will be dependent on many things, including the age and 
condition of the sewer, the extent of illegal stormwater connections, soil conditions and the 
weather or rainfall conditions (NRMMC, 2004; USEPA, 2004). Carleton (1990) showed that the 
duration and frequency of overflow varied with rainfall and the capacity of the sewer system. 
 
For some contaminants such as nutrients, loading may be more important in determining 
impacts and will vary based on the concentration in the sewer overflow and the volume of 
overflow. Pollard et. al. (2005) identified the nutrient loading rate as an important factor in 
assessing ecological risk from sewer overflow at different sites. As mentioned in Section 2.5.2, a 
study of impacts from CSO discharges linked the contaminant loading to the difference in toxicity 
from two separate CSOs (Hall et al., 1998). 
 
Receiving waterway characteristics such as the size and type of the waterway and sensitivity of 
aquatic life will vary between sites and will also influence the effects from sewer overflow 
(NRMMC, 2004; USEPA, 2004). Different receiving waterway characteristics were identified as a 
cause of differences in toxicity as a result of CSOs (Hall et al., 1998) and also in ecological risk 
based on re-aeration rates and dissolved oxygen levels (D.A. Lord & Associates Pty Ltd., 1997; 
Pollard et al., 2005).  
 
The extent of waterway usage is an important consideration in terms of public health impact, as 
this determines the likely exposure to contaminants from sewer overflow. The largest gap in 
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knowledge identified in the Brisbane study was the extent of human exposure following sewer 
overflow, which meant that the final risk assessment was incomplete, further indicating the 
importance of this element (Pollard et al., 2005).  
 
Sewer sediments which accumulate during dry weather may affect overflow impacts by 
adsorbing toxic chemicals (Gromaire et al., 2001; Marsalek et al., 1999), and will differ between 
sewers and within the same sewers for different events. Furthermore, in Gromaire et al. (2001), 
sewer sediments were also found to be the main source of wet weather pollution in the 
combined sewer for particles and organic matter (Gromaire et al., 2001).   
 
The potential for impacts from sewer overflow to vary so much between sites and events 
highlights the potential difficulties in extrapolating research findings to other sites. As a result, 
the usefulness of existing studies for the prioritization of sites for overflow abatement or other 
management options is limited. Furthermore, the findings of key studies (Bickford et al., 1999; 
Pollard et al., 2005; USEPA, 2004) were often based on broad or very specific characteristics. 
For example, Table 2.3 shows that the Sydney study looked at a broad range of catchments, 
receiving waterways and overflow sites, thus accounting for the variability between sites . 
However, this data was pooled to provide an overall assessment of the impacts from sewer 
overflows, thus making it more difficult to apply the findings to a specific site or catchment. 
Likewise, the number of gastrointestinal illness and beach closures detailed in the USEPA report 
to Congress were based on a broad overall assessment of both dry and wet weather sewer 
overflows, which may or may not apply to a specific site. On the other hand, the Brisbane study 
investigated one case study site and findings from this study would probably be only applicable 
to other estuaries.   
 
Given the potential difficulties in extrapolating existing research findings to other sites, the 
secondary aim of the present research is to provide the findings on risks in a manner which 
enhances water companies’ decision-making processes with regard to the management of 
sewer overflows. To achieve this aim, a risk analysis approach is used; a tool that has 
traditionally been used to aid decision-making in light of uncertainty about future events. A 
Bayesian network which allows different scenarios for various sites and events to be considered 
is used. An overview of risk and risk analysis definitions are discussed below, with reference to 
the research literature. This is followed by a review of other risk assessment techniques used for 
investigating the impacts of sewer overflow in the literature. Finally, a discussion of the benefits 
of using Bayesian networks particularly in light of the variability inherent in sewer overflow 
events and resulting impacts is presented. 
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2.7 Risk Analysis 
 
Risk is defined in different ways in the research literature, but all are essentially similar. For 
example, the Australian/New Zealand (ASNZ) Risk Management Standard 4360:2004 (SA/SNZ, 
2004: p 4) defines risk as ‘the chance of something happening that will have an impact on 
objectives’. Burgman (2005: p 1) describes risk as ‘the chance, within a time frame, of an 
adverse event with specific consequences’. Cohrssen and Covello (1989) define risk ‘as the 
possibility of suffering harm from a hazard’ (Cohrssen and Covello, 1989: p 1), where hazard is a 
substance or action that can cause harm.  
 
The ASNZ Risk Management Standard 4360:2004 describes the measurement of risk in terms 
‘of the magnitude of consequences of an event, should they occur and the likelihood of the event 
and its associated consequences..... ‘ (SA/SNZ, 2004: p 17). The measurement of the level of 
risk is often referred to as risk analysis, which in the ASNZ Risk Management Standard, forms 
part of the overall risk management process and is defined as ‘ a systematic process to 
understand and deduce the level of risk’. However, there is much variation in terminology 
between different areas and between countries, particularly in the use of the terms “risk analysis” 
and “risk assessment”, which are often used synonymously (Harding et al., 2009).  
 
The focus of the present research is to measure the level of risk, and other forms of the risk 
management process, as defined in SA/SNZ (2004) are not considered in this study. The risk 
management process from the ASNZ Risk Management Standard (SA/SNZ, 2004) is shown in 
Figure 2.2 below. In Figure 2.2 the risk analysis phase, which is the focus of this study, has been 
circled in red. Earlier elements such as establishing the context and identifying risks will to some 
extent form a natural introduction to the risk analysis phase. However, elements after risk 
analysis are beyond the scope of the research. 
 
Of the literature reviewed, many studies did not undertake risk assessment or analysis in 
investigating impacts of sewer overflow. However, the studies undertaken in Sydney and 
Brisbane, Australia (Bickford et al., 1999; Pollard et al., 2005) did undertake some form of risk 
assessment. Furthermore, in the USEPA’s report (USEPA, 2004b) the estimate of 
gastrointestinal illness from exposure to sanitary sewer overflow in recreational waters involved 
risk analysis methods.   
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Figure 2.2 Risk Management Process, AS/NZS 4360:2004 (from SA/SNZ, 2004) 
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The Sydney study used an ecological risk assessment (ERA) method akin to current 
internationally accepted ERA frameworks, including USEPA’s guidelines for ecological risk 
assessment (USEPA, 1998) and others (Hansen and Winton, 1995; Suter, 2007). This type of 
ERA is based on the principles of ecotoxicology and is commonly used in environment 
protection (Burgman, 2005). The USEPA Ecological Risk Assessment Guidelines (USEPA, 
1998: p 2) describe the two major elements of the risk assessment process:‘..... characterization 
of effects and characterization of exposure’. ERA is similarly defined by Parkhurst et al. (1993) 
as ‘.... a process that evaluates the likelihood of adverse ecological effects as a result of 
exposure to one or more stressors’ (Parkhurst et al., 1993: p 329). Human health risk 
assessment in relation to toxicants was also carried out in the Sydney study, based on methods 
set out in human health risk assessment guidance documents. Human health risk assessment 
methods are similar to the typical conceptual framework for chemical risk assessment described  
in the seminal report ‘Risk Assessment in the Federal Government: Managing the Process’ 
(NRC, 1983), which includes hazard identification, exposure assessment, dose-response 
assessment and risk characterisation.   
 
Both the Brisbane study and the USEPA report to Congress in relation to estimated gastro 
intestinal illness in recreational users used quantitative microbial risk assessment (QMRA) 
methods in identifying potential public health risks. However, the Brisbane study was not able to 
complete the risk assessment due to lack of data on human exposure. QMRA is described in 
World Health Organisation Guidelines for Safe Recreational Water Environments (WHO, 2003a: 
p 60) as a means whereby the risk to human health can be indirectly estimated ‘....by predicting 
infection or illness rates given densities of particular pathogens, assumed rates of ingestion and 
appropriate dose-response models for the exposed population’. QMRA is a typical risk 
assessment method in the field of water quality where it was developed to estimate the risk to 
human health from exposure to low doses of pathogens in drinking and recreational water 
(Haas, 1983). QMRA has since been applied in many studies investigating risks from 
recreational and drinking water (e.g. Ashbolt et al., 1997; Gerba et al., 1996) and has been 
incorporated as a risk assessment method into water quality guidelines including various 
wastewater recycling practices (NRMMC et al., 2006; WHO, 2006a).   
 
ERA and QMRA are common methods used in aquatic ecological and public health risk 
assessment respectively. There are many other different risk analysis techniques available, both 
qualitative and quantitative (Burgman, 2005), and Bayesian networks (BNs) which have been 
chosen for this research is one such method. BNs were originally developed through research 
into the area of artificial intelligence concerned with reasoning under uncertainty, and were later 
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adapted for use in other areas such as engineering, medicine and information technology (Hart 
and Pollino, 2009; Jensen and Nielsen, 2007). More recently, they have been used in the 
environmental area including risk assessment frameworks for ecological systems (Hart and 
Pollino, 2009).    
 
BNs use probability theory, an approach to reasoning under uncertainty which differs from other 
forms of reasoning such as logical reasoning (Jensen and Nielsen, 2007; Korb and Nicholson, 
2004). Probability theory has been distinguished from other approaches to reasoning under 
uncertainty such as possibility theory, sometimes referred to as fuzzy logic (Jensen and Nielsen, 
2007). In essence BNs are graphical models which represent causal relationships between 
variables in a system and allow reasoning about an uncertain domain. Nodes represent 
important variables within the domain or system, which are connected via a set of directed arcs, 
thus representing direct dependencies between variables. The strength of these casual links is 
represented as conditional probabilities (Korb and Nicholson, 2004). There are two types of BNs 
- Bayesian belief networks and Bayesian decision networks (Hart and Pollino, 2009). Bayesian 
decision networks differ from belief networks by the incorporation of decision and optionally 
utility nodes into the model. The focus of this thesis is Bayesian belief networks, which are 
referred to throughout the thesis by the generic term “Bayesian networks”.   
 
A detailed review of BN applications in the ecology field was undertaken by Henderson et al. 
(2008) and included areas in conservation, integrating information across disciplines and risk 
assessment. Many of the studies referenced in this review (Henderson et al., 2008) and 
elsewhere incorporated to varying degrees water quality and water pollution issues into BN 
models (some of these include Borsuk et al., 2004; Dorner et al., 2007; Pollino et al., 2007; 
Reckhow, 1999; Shenton et al., 2010; Wooldridge and Done, 2003). However, they relate to 
other pollution sources or are set in a wider context with no specific focus on sewer overflows. 
For example, BNs and Bayesian decision analysis have been used in the area of asset 
management to aid decisions in relation to upgrading CSSs to minimise CSO emissions 
(Korving and Clemens, 2002). To the author’s knowledge BNs have not been used to date in the 
investigation of ecological and health risks from wet weather SSOs and the application of BNs in 
this area of research is therefore novel. There are many reasons why BNs have been chosen for 
the analysis of ecological and health risks from sewer overflow and the main reasons are 
discussed below.  
 
BNs account for uncertainty through the use of probabilities which are used to express values of 
variables and also relationships between variables within a system. Therefore, BNs are 
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particularly useful for systems where uncertainty is inherent, which is one of the reasons why 
they are becoming more popular in ecological risk assessment, where systems are often 
complex and uncertainties in the understanding of such systems may be large (Pollino et al., 
2007). As discussed in the previous section, there is also much variability in the characteristics 
of wet weather sewer overflows and receiving waterways, thus representing a major source of 
uncertainty in determining impacts or risks from these events. This type of uncertainty relates to 
natural randomness or variability and is sometimes referred to as aleatory uncertainty (Ang and 
Tang, 2007). This is one of the most common sources of uncertainty that the BN is able to 
represent, which is often lacking in other environmental modelling techniques and in 
ecotoxicology (Hart and Pollino, 2009; Pollino and Hart, 2005). Other forms of uncertainty which 
relate to incomplete knowledge are also likely, which is commonly referred to as epistemic 
uncertainty. Types of epistemic uncertainty that the BN can represent, include ‘statistical 
variation (for example, parameter measurements) the subjectiveness of judgements through 
from expert elicitation of model structure to estimation of probabilities; the inherent randomness 
of some complex systems; and also any disagreement that may arise between multiple experts’ 
(Hart and Pollino, 2009: p 16). 
 
Due to the variability inherent in the sewer overflow event, as examined in the previous section, 
the ability to extrapolate findings of various studies to inform management of sewer overflows is 
limited. BNs can be used to examine different scenarios and the resulting outcomes for a 
system, thus making the approach more applicable for a particular sewer overflow event or site, 
and enabling the supply of the necessary information for prioritisation of sites or assets for sewer 
overflow abatement or other management options. Scenario analysis is possible through the 
ability of the BN to reason about an uncertain domain, often referred to as belief updating or 
probabilistic inference (Korb and Nicholson, 2004). BNs can calculate the probability of events 
based on existing knowledge (referred to as prior probabilities), and given new observations or 
system changes, these probabilities can be updated in light of the changes (referred to as 
posterior probability).  
 
This process not only allows different scenarios to be considered, but also allows new data or 
knowledge through subsequent monitoring or investigative studies to be incorporated into the 
BN. Therefore, whilst prior probabilities may be based on data that are initially scant, more 
rigorous and quantitative data from monitoring or further studies can be incorporated into the BN 
updating beliefs or outcomes of the system. This approach has been described as adaptive 
management in ecological risk assessment, and is an important step in the risk management 
cycle (Hart and Pollino, 2009). As shown in the previous section, to date there has been few 
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studies of the impacts from wet weather sewer overflows, particularly from sanitary sewers. 
Since it is likely that future studies will be undertaken in this area, a risk model which allows 
future knowledge to be incorporated will be of benefit. Furthermore, the BN can highlight areas 
where data are most needed, thus further assisting the overall management of sewer overflows.   
 
Bayesian probability theory is applied in the BN, thus allowing subjective assessments of 
probability such as expert opinion to be used, whilst still acknowledging the uncertainty in the 
data (Hart and Pollino, 2009; Korb and Nicholson, 2004). The frequentist or physical approach to 
probability, where probabilities are based on objective data quantifying the frequency of 
occurrence, can also used in the BN (Hart and Pollino, 2009; Korb and Nicholson, 2004). 
Extensive quantitative data which may be required in other risk assessment methods such as 
QMRA and some ERA techniques used in other studies are not always available to authorities 
responsible for managing sewer overflows. For example, in QMRA typically pathogen rather 
than faecal indicator data are required which are not routinely collected in the management or 
monitoring of sewer overflows. The WHO Guidelines for Safe Recreational Water Environments 
also highlight the current lack of water quality data for many pathogens and the difficulties in 
applying the QMRA techniques for recreational waters (WHO, 2003a). Furthermore, quantitative 
data on exposure of the public to contaminated water following overflow is difficult to obtain 
given the many overflow sites and the sporadic nature of the events. Therefore, the fact that 
qualitative data can be used where data are scant to express probabilities in the BN makes it 
accessible for those bodies responsible for managing sewerage systems to use in their specific 
situations. As already mentioned, more rigorous knowledge obtained at a later time can also be 
incorporated into the BN, allowing the updating of risk outcomes.  
 
2.8 Summary and Conclusion 
 
The characteristics of other sewage system discharges to receiving waterways, including STP 
effluent and dry weather sewer overflows, differ from wet weather sewer overflows. As a result, 
environmental and public health impacts are also likely to be different. For this reason, a review 
of the research literature on these topics has not been included.  
 
In many countries, stormwater run-off and sanitary sewage are conveyed together in combined 
sewer systems (CSSs) and impacts on receiving waters from combined sewer overflows (CSOs) 
have been widely researched. Sanitary sewer systems (SSSs), on the other hand, convey only 
sanitary sewage and stormwater run-off is carried in a separate pipe network. During wet 
weather there is some unintentional stormwater inflow and infiltration into the SSS. The 
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difference in the design of these two systems, particularly in relation to larger stormwater run-off 
or wet weather flows in the CSSs, may result in different impacts from CSO and sanitary sewer 
overflow (SSO). It is not clear if the differences in impacts are significant and may be a result of 
the individual characteristics of the site and sewer system under investigation. Therefore, whilst 
the review focused on SSOs which are most pertinent to the present research, as there have 
been few international studies on aquatic life impacts from SSOs, some CSO studies were 
reviewed.   
 
Two key Australian studies in Brisbane and Sydney investigated the impacts of wet weather 
sewer overflow from SSSs on receiving waterways. The findings revealed that whilst sewer 
overflow contributes to ecological risks in some instances, stormwater is the main stressor of 
ecological health. Studies of CSSs show varying degrees of impacts on aquatic life from CSO. In 
some of these studies, other pollution sources including stormwater run-off are considered to be 
potentially more of a threat than CSOs. The significance of the contribution of pollution sources 
other than sewer overflow to the impacts on waterways has also been pointed out in other 
research. These findings indicate the importance of accounting for other pollution sources when 
investigating sewer overflow, and in particular stormwater run-off, which is a major contributor of 
wet weather pollution.  
 
Unlike ecological health, the Brisbane study shows that sewer overflow is a greater risk driver for 
microbiological hazards than stormwater run-off. The use of human sterol bio-markers in the 
Brisbane study to assess public health risks from SSO is novel and contributes significantly to 
our understanding of the public health risks from these events. The USEPA report studies also 
confirm that SSOs pose a public health threat as they contribute to gastrointestinal illness in 
recreational users and are also linked to a disease outbreak which caused 4 deaths. They also 
affect recreational amenity through beach closures. These studies highlight the importance of 
including microbiological contaminants in investigations of sewer overflow impacts. 
 
The studies reviewed contribute greatly to existing knowledge of the ecological and health 
impacts of wet weather sewer overflows and in the wider context of wet weather discharges. 
However, impacts from wet weather SSOs have not been widely researched to date. Therefore, 
research in this area would be of significant benefit and would add to existing knowledge. 
Furthermore, the variability in impacts for the various studies reviewed indicates that the study 
site under investigation in this thesis will add its own unique information. Studies show that the 
variability in impacts between overflow sites is linked to certain factors including the duration, 
frequency and strength of the discharge, load of contaminants, receiving waterway 
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characteristics, waterway usage and in-sewer processes such as sediment accumulation. The 
potential for impacts from sewer overflow to vary so much between sites indicates that the 
findings of current studies may not represent impacts from all sewer overflows. Hence, decisions 
in relation to the management of local sewer overflows based on this information are difficult. 
Furthermore, the findings of key studies were often based on broad or very specific 
characteristics making it more difficult to apply the findings to a specific site or catchment. In 
part, the research in the present thesis aims to account for this variability and allow different 
scenarios to be explored through the use of risk analysis. A Bayesian network (BN) risk model is 
used, which is a novel approach to the investigation of risks from sewer overflow. The BN will be 
of benefit in this research through its ability to account for uncertainty in systems through the use 
of probabilities, examine different scenarios through probabilistic inference and incorporate both 
qualitative and quantitative data.   
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CHAPTER 3 
WATER QUALITY AND RAW SEWAGE SAMPLING- DESIGN AND 
METHODS 
 
3.1 Introduction 
 
A primary objective of the research and an important first step in the analysis of risks associated 
with wet weather sewer overflows was to determine the impact on the water quality of receiving 
waterways following these events. The literature review in Chapter 2 showed that a typical urban 
waterway such as the study site is impacted by a range of pollution sources. Therefore, it is 
imperative that the water quality in receiving waterways resulting from wet weather sewer 
overflows is not considered in isolation. In particular, it is important that this study distinguish the 
impact of sewer overflows from stormwater discharge, which is one of the other major 
contributors of wet weather pollution.  
 
With this in mind it was necessary to determine the water quality in receiving waters for the 
following conditions:  
 
• Ambient dry weather conditions –during times of low flow when no rainfall or overflow 
occurs.   
 
• Wet weather without sewer overflow –during a rainfall event of a size as close as possible 
to that which would normally cause a sewer overflow to occur. This event is indicative of 
pollution from stormwater run-off without any contribution from sewer overflow. 
 
• Wet weather with sewer overflow - due to the drought conditions at the time of the study a 
wet weather sewer overflow event did not occur during the study period. As a substitution, 
raw sewage samples from the sewerage system were collected with the intention of applying 
hydrological dilutions to the raw sewage concentration data to predict receiving waterway 
concentrations following sewer overflow (refer to Chapters 5 and 6 for information on the 
simulation of in-stream concentrations from sewer overflow).   
 
Ambient sampling will allow changes in water quality to be detected following wet weather sewer 
overflow and also stormwater run-off, thus highlighting any subsequent increase in contaminant 
levels and hence potential impacts. A comparison between water quality, following wet weather 
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with and without a sewer overflow enables conclusions to be drawn on the relative contribution 
of sewer overflows and stormwater run-off on the impacts to water quality in receiving waters.  
 
This chapter discusses the study design and sampling methods for these three situations; 
ambient, wet weather without overflow and raw sewage which is ultimately used to predict 
concentrations from the wet weather sewer overflow event. The chapter includes determining an 
appropriate study site, selecting measurement parameters, sampling methods, laboratory 
analysis and quality assurance.  
 
3.2 Study Area 
 
3.2.1 Overview of wet weather sewer overflows 
 
City West Water (CWW) has approximately 25 operational emergency relief structures (ERS) 
located on pipelines and approximately 30 ERSs located at or close to sewerage pump stations 
and detention tanks (City West Water, 2005a). Overflows from this infrastructure are classed as 
occurring in “wet weather” and “extreme wet weather”. Overflows in extreme wet weather are 
considered compliant with the State Environment Protection Policy (Waters of Victoria) 2003 
(SEPP (WoV, 2003), as they occur in rainfall events with an average recurrence interval (ARI) 
greater than 5 years. All other wet weather overflows are considered non-compliant, occurring in 
storms with ARIs of less than or equal to 5 years. Figure 3.1 below shows a graph of wet 
weather sewer overflows that have occurred from CWW assets from 2003 to mid 2009. The 
figure includes overflows that are considered compliant resulting from extreme wet weather and 
non-compliant resulting from hydraulic deficiency in the sewer system. Some of these overflows 
may involve assets other than ERSs such as sewer manholes. A large storm with an ARI of 50 
years occurred early in 2005 which is why such a large number of extreme wet weather 
overflows occurred in the 2004/2005 period. Following this event, however, drought conditions 
worsened and there were only two overflow events between 2006 and 2009.   
 
Prior to the commencement of this study, CWW had identified those assets which were not 
complying with the SEPP (WoV, 2003) requirement to contain flows generated by a rainfall event 
associated with at least a 5 year ARI. This was part of a hydraulic improvement program 
established by the water retailer, which involved initial investigation of hydraulic performance of 
sewerage catchments including modelling and monitoring of overflows (City West Water, 2004). 
Upon non-compliant assets being indentified capital works projects such as pipeline 
augmentation/construction, detention tank construction and inflow/infiltration reduction works are 
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implemented to bring the sewerage system up to compliance with the 1 in 5 year requirement. 
Prior to commencing this study, eight sewerage catchments were identified as being non-
compliant. Pipeline construction works in three of these sewerage catchments had recently been 
completed to address non-complaint overflows. Of the five remaining sewerage catchments 
identified, non-compliant overflows were occurring from six ERSs, five manholes, and one 
pumping station.  
 
 
Figure 3.1 Annual number of wet weather sewer overflows for the last five years from CWW 
assets 
 
3.2.2 Determining the study catchment 
 
Of the non-compliant sewerage catchments, the Five Mile Creek (FMC) catchment, which has 
three non-compliant ERSs (given the asset identifications: ERS 97, 98 and 151), was chosen for 
the study (shown in Figure 3.2). It was considered the most appropriate site for the following 
reasons:   
 
• It was expected that impacts will be easier to detect in waterways where sewer overflows are 
more frequent and the FMC catchment ERSs are among those that overflow most 
frequently. All three structures overflow in storm events with an ARI of 1 to 2 years (City 
West Water, 2004). CWW have gained an understanding of the estimated return period of 
overflow from performance indicators such as ERS, rainfall and flow monitoring data, in 
conjunction with hydraulic modelling of the sewerage catchment (City West Water, 2004).  
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• ERS 97, 98 and 151 discharge into the Moonee Ponds Creek (MPC) from the same 
stormwater drain generating a greater sewage overflow volume and frequency. 
 
• Improvement works for some of the other non-compliant assets had commenced and would 
interfere with the study. 
 
• Access was available to suitable sampling sites both upstream and downstream of the 
impact site, whereas access at some other catchments was more difficult.  
 
• The FMC Catchment is a good representation of a typical non-compliant sewerage 
catchment in the CWW area. This includes both the demographics of the catchment which is 
primarily residential, and the nature of the receiving waterway, which is a typical degraded 
urban stream.   
 
 
Figure 3.2 Map of the study site; Five Mile Creek Sewerage Catchment 
 
The FMC sewerage catchment is located in a predominantly low-density residential urban area 
of the western suburbs of Melbourne. Three ERSs overflow into the FMC stormwater drain, 
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which discharges into the lower section of the MPC. The FMC stormwater drain regains its 
natural state as an open unlined creek for a few hundred meters before it flows into MPC. The 
FMC stormwater drain is referred throughout the thesis as either the FMC or FMC stormwater 
drain. The ERSs including ERS 97, 98 and 151, along with the FMC and MPC are shown in the 
map of the study site in Figure 3.2.  
 
Based on CWW billing data, 95 % of sewer connections in this area are from residential land use 
(City West Water, 2005b). There are no major trade waste licences in the catchment, with the 
non-residential sewer connections either from schools or light commercial premises (City West 
Water, 2005b). Therefore, this study relates to impacts or risks associated with sewer overflows 
in domestic catchments only. As industrial premises potentially discharge different wastewater to 
the sewer than residential premises, sewer overflows from industrial catchments may have other 
issues not identified in this study. For instance, studies in the literature review (Hall et al., 1998; 
Marsalek et al., 1999) found a greater impact on receiving waters from sewer overflow in areas 
where industrial wastewater was discharged to the sewer as opposed to overflows in residential 
areas. There was in fact no opportunity to look at overflows in predominantly industrial 
catchments, as all ERSs in the CWW catchment are located in areas which receive primarily 
domestic-type wastewater.   
 
The compliant and non-compliant overflows from the FMC catchment from 2003 to 2009 are 
shown in Table 3.1 below. As already mentioned, those overflows associated with storm events 
with an ARI of less than or equal to 5 years are non-compliant. The overflow volume and 
duration and also associated average recurrence interval (ARI) of the storm event is also 
provided in Table 3.1. For the study site the number of overflows during the 2004/2005 period 
highlighted the potential for data collection at this site including water quality data from non-
compliant sewer overflows. Unfortunately, after early 2006 due to lack of rainfall in Melbourne 
there were no overflow events at this site for the period recorded until mid-2009. Sampling had 
not commenced prior to this date, which as already mentioned is why the alternative 
methodology of predicting in-stream concentrations was adopted.  
 
3.3 Contaminants 
 
3.3.1 Selection of measurement parameters 
 
Water quality rather than biological indicators was chosen to assess the impact from wet 
weather sewer overflow in this study. As shown in the literature review, Walsh (2000) highlighted 
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that localised impacts on stream biota (in this case benthic communities) are impossible to 
detect given the typically widely degraded nature of urban waterways. Furthermore, aquatic 
macro-invertebrate specialists from Monash Water Studies Centre and Melbourne Water 
(personal communication, Eddie Tsyrlin) have indicated that impacts from sewer overflows on 
macro-invertebrates will be difficult to detect in urban streams due to the existing poor condition 
of aquatic life. A study in Sydney, Australia (Bickford et al., 1999) also found the impacts on 
aquatic organisms from sewer overflow to be inconclusive due to impacts occurring both 
upstream and downstream of the sewer overflow sites. 
 
Table 3.1 Wet weather overflow data for the ERSs in FMC sewerage catchment study site from 
2003 to 2009 
Asset ID 
Report 
period 
Date overflow 
commenced 
Volume of spill 
(kL) 
Associated ARI of storm 
event 
ERS97 
2003/2004 3-Dec-03 27 < 5 year 
2004/2005 2-Feb-05 2600 50 year 
ERS98 
2003/2004 3-Dec-03 81 < 5 year 
2004/2005 
27-Oct-04 155 < 5 year 
5-Nov-04 252 < 5 year 
12-Nov-04 421 < 5 year 
2-Feb-05 2100 50 year 
2005/2006 26-Feb-06 67 > 5 year 
ERS151 
2003/2004 3-Dec-03 <1 < 5 year 
2004/2005 
27-Oct-04 5 < 5 year 
5-Nov-04 6 < 5 year 
13-Nov-04 42 < 5 year 
2-Feb-05 900 50 year 
 
Thirty two contaminants common to both sewage and stormwater were chosen and are listed 
below in Table 3.2. The contaminants are categorised into metals, microbiological and other 
ecosystem health stressors.  
 
Although the contaminants included in this study are by no means exhaustive, they are 
considered a good representation of potential pollution from stormwater and sewer overflow 
within the allocated resources. Furthermore, all contaminants in Table 3.2 including metals are 
commonly used to assess the health of aquatic environments (ANZECC and ARMCANZ, 
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2000b). Basic wastewater characteristics such as nutrients and faecal indicators are considered 
integral in determining the risks from sewer overflows. Faecal indicators were considered 
particularly important in light of other studies which have highlighted microbiological hazards as 
potential public health hazards from sewer overflow (D.A. Lord & Associates Pty Ltd., 1997; 
Pollard et al., 2005). Similarly, heavy metals such as silver (Bickford et al., 1999) have been 
identified as a potential risk from sewer overflow  and were also included. Heavy metals from 
domestic sources have been reported (Connor and Wilkie, 1995; McCormick, 1991) and a study 
of heavy metals and organics in domestic wastewater found that loads of copper, aluminium and 
zinc to treatment works were primarily from domestic sources (Lock, 1994).   
 
The findings in this study relate only to contaminants listed in Table 3.2. There are many other 
contaminants in sewage which may also impact on receiving waterways as a result of sewer 
overflow. However, they are beyond the scope of the present study. For example, an 
investigation by Environment Victoria into Melbourne’s raw sewage composition found that there 
are around 200 contaminants of concern known to be in Melbourne’s sewage (Environment 
Victoria, 1994). The Environment Victoria report further stated that of the total contaminants two 
were nutrients, twenty-two were metals and approximately 180 fell under the general category of 
organic chemicals (Environment Victoria, 1994: p 21). There are also key studies in relation to 
contaminants in domestic sewage (Connor and Wilkie, 1995; McCormick, 1991) which list a wide 
range of chemicals, including mainly metals and organic chemicals. Organic chemicals include 
such contaminants as polynuclear aromatic hydrocarbons, chlorinated hydrocarbons, phthalate 
esters, amines, ethers and phenols. 
 
Hormones, drugs and personal care products have more recently been identified as substances 
of concern in sewage (Chapman and Leusch, 2006). To date, the focus of chemical pollution has 
mainly been on the well-known priority pollutants. As a result, there is limited available data for 
emerging contaminants such as hormones, drugs and personal care products (Chapman and 
Leusch, 2006). Chapman and Leusch (2006) however reported a study (Leusch et al., 2005) on 
the estrogenic and androgenic activity in raw sewage, which found both to be relatively high. 
Furthermore, a Brisbane study into the impacts of sewer overflows (Pollard et al., 2005) found 
that the level of estrogenic hormones in sewage following dilution in the waterway could still be 
in a range that is biologically active.  
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Table 3.2 Contaminants investigated in the study  
Microbiological Metals Ecosystem Health 
E.coli Aluminium Ammonia 
Enterococci Antimony Nitrite 
 Arsenic Nitrate 
 Beryllium Electrical conductivity 
 Boron Total phosphorous 
 Cadmium Orthophosphate 
 Chromium Total nitrogen 
 Cobalt pH 
 Copper Total suspended solids 
 Iron  
 Lead  
 Manganese  
 Mercury  
 Molybdenum  
 Nickel  
 Selenium  
 Silver  
 Thallium  
 Tin  
 Vanadium  
 Zinc  
 
3.3.2 Overview of contaminants and potential effects  
 
Escherichia coli and enterococci 
 
Stormwater run-off and sewer overflows containing faecal matter can carry pathogens or 
disease-causing organisms. This may include bacteria, helminths (intestinal worms), protozoa 
and viruses (NRMMC et al., 2006). The diseases caused by pathogens are numerous and may 
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include such things as ear and eye infections, mild to severe gastroenteritis, respiratory illness, 
typhoid, cholera, hepatitis, dysentery, and meningitis. 
 
Escherichica coli (E.coli) and enterococci, which may be derived from animal or human faecal 
sources, can be used to indicate faecal pollution and associated infectious microorganisms. 
These organisms are not disease-causing agents, but rather appear to behave similarly to 
faecally-derived pathogens and infer their presence, thus indicating the potential for disease. 
Both E.coli and enterococci may also have pathogenic strains (NHMRC and NRMMC, 2004) but 
this is irrelevant to the indicator function.   
 
E.coli has long been used to describe water quality for both fresh and marine waters impacted 
by faecal pollution. The Australian Drinking Water Guidelines (ADWG) recommend E.coli (or 
thermotolerant coliforms) as the most suitable indicator organism for the presence of pathogens 
in drinking water (NHMRC and NRMMC, 2004). The ADWG suggest that of the thermotolerant 
bacteria, E.coli is the most suitable as it is the most common in faeces. E.coli is also used to 
monitor the safety of recreational waters for human users, with safe levels outlined in the SEPP 
(WoV, 2003), and Australian New Zealand Guidelines for Fresh and Marine Water Quality 
(ANZECC and ARMCANZ, 2000a). Furthermore, the Australian Guidelines for Water Recycling 
use E.coli as an indicator organism to verify that sufficient pathogen reduction has occurred to 
enable safe use of the recycled water (NRMMC et al., 2006). 
 
Enterococci is also identified as an important faecal indicator. In particular, enterococci is used 
as a faecal indicator in the World Health Organisation (WHO) and Australian Recreational Water 
Guidelines (NHMRC, 2008; WHO, 2003a) as epidemiological studies have shown that it 
provides the strongest dose-response relationship with gastroenteritis in swimmers (Kay et al., 
1994). Based on a key study (Kay et al., 1994), safe enterococci levels for recreational users 
have been established which should not result in bather illness. Hence, both E.coli and 
enterococci were considered important microbiological indicators in the study.   
 
E.coli, which comes from the family Enterobacteriaceae, is described by the ADWG (2004) as 
fulfilling the following requirements: E. coli and thermotolerant coliforms are gram-negative 
facultative anaerobic bacilli that can ferment lactose at 44.5±0.2°C with the production of acid in 
24 hours, in media containing bile salts (found naturally in the gut). E. coli are thermotolerant 
coliforms that produce indole from tryptophan at 44.5±0.2°C. 
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Enterococci are gram-positive cocci and are a member of the genus Enterococcus. For the 
Enterococcus genus, the WHO Guidelines for Safe Recreational Water Environments (2003: p 
55) recommend that intestinal enterococci that fulfil the following requirement should be 
monitored: “bacteria capable of aerobic growth at 44 °C and of hydrolysing 4-methylumbelliferyl-
b-D-glucoside in the presence of thallium acetate, nalidixic acid and 2,3,5-triphenyltetrazolium 
chloride, in specified liquid medium.”  
 
Metals 
 
Elevated levels of heavy metals in waterways can be directly toxic to freshwater organisms and 
humans who may come into direct contact with the water in various ways. Metals such as 
mercury can also bio-accumulate in organisms and may cause secondary poisoning through bio-
magnification. Bio-magnification occurs when a contaminant is taken up by aquatic organisms 
either directly or via the food chain where it can concentrate to toxic levels (Environment 
Victoria, 1994). For some metals such as mercury the potential to bio-accumulate and cause 
harm is the main concern, rather than direct toxicity to organisms (ANZECC and ARMCANZ, 
2000a).  
 
For aquatic organisms, exposure to elevated levels of metals can result in immediate or acute 
effects such as death or chronic long term effects, including loss of sensitive species. Human 
systems affected by metal toxicity include the nervous, haematological and reproductive 
systems (Bennison and Westwood, 1996). Skin irritation and adverse affects on the liver and 
kidney may also occur, and carcinogenic effects have also been noted (Bennison and 
Westwood, 1996).   
 
Most metals in this study have low solubility in the aquatic environment, tending to adsorb to the 
suspended particulate matter or partition to sediments (Bennison and Westwood, 1996). A 
measure of the dissolved metal concentration indicates the portion directly available to be taken 
up by aquatic organisms. Initially however, ANZECC suggest measuring the total metal 
concentration in the waterway. Total metals are also more relevant when reporting levels in the 
sewer system. Walsh C et al. (2004) report that the argument that ‘toxic impacts of urban 
stormwater are minor’ is a common one, including from metals. The main reason for this is that 
the fraction of metals that is bio-available is unknown. Hence, in the present study the dissolved 
portion of metals in the waterway following a storm event was measured, in order to gain some 
insight into this theory. Total metal levels were measured in the stream during ambient 
conditions and predicted in the steam as a result of simulated sewer overflow. Dissolved levels 
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could not be accurately determined for sewer overflow and it was important that ambient levels 
could be compared with sewer overflow levels.   
 
Ecosystem health stressors 
 
Ecosystem health contaminants include those that are directly toxic to biota and/or humans and 
include ammonia, salinity (measured as electrical conductivity), pH, nitrate and nitrite. Elevated 
levels of toxicants such as ammonia and nitrate can lead to the loss of sensitive biota, and an 
unnatural change in salinity or pH can lead to a change in biological diversity (ANZECC and 
ARMCANZ, 2000a). Human contact with the contaminated water body as result of elevated 
ammonia, nitrite and nitrate levels or an unacceptable pH range may result in skin or eye 
irritation. Furthermore, ingestion of water with excessive levels of these chemicals can have 
deleterious effects on humans.  
 
Some of these ecosystem health contaminants, including pH, can also have an indirect effect on 
ecosystem health through modifying the effect of other contaminants. For example, pH has a 
major effect on the bio-available concentrations of some heavy metals such as aluminium 
(ANZECC and ARMCANZ, 2000a).  
 
Other ecosystem health contaminants, including nutrients and suspended solids, are not toxic 
but can directly affect ecosystems and biota. Phosphorus and nitrogen are the major nutrient 
elements and are essential to plant and animal life. However, excessive levels can be 
detrimental to water bodies, leading to eutrophication or excessive nuisance plant growth 
including algae and cyanobacterial (blue-green algae) blooms. Eutrophication can lead to anoxia 
and light reduction, which can have severe consequences for the ecosystem and biota. 
Likewise, toxic substances produced from some species of blue-green algae can be extremely 
harmful to humans, other mammals, fish and birds (ANZECC and ARMCANZ, 2000a). The 
concentration of total nitrogen and phosphorus has been used to provide an indication of the 
potential for nuisance plant growth. This is a conservative measure and may over-estimate what 
is available for uptake or bio-available for plant growth. ANZECC (2000: p 8.2-5) advises that 
“The most bio-available form of phosphorous is considered to be orthophosphate (PO4) and the 
most bio-available forms of nitrogen are ammonia (NH4+) and nitrate (NO3-)”. A measurement 
of orthophosphate is also provided in the sampling regime.   
 
Excessive levels of suspended solids can result in changes in ecosystem habitat and loss of 
species due to increased turbidity of water, which reduces light for plant growth and primary 
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production and may lead to smothering of habitats particularly in low flow areas (ANZECC and 
ARMCANZ, 2000a; Walsh et al., 2004). 
 
3.4 Ambient and Wet Weather Water Quality Sampling Methods 
 
3.4.1 Sampling sites  
 
In choosing the sampling sites, the principles in BACI (before-after, control-impact) designs were 
referred to. BACI designs were first formulated (Green, 1979) to measure environmental change 
as a result of some disturbance. Sites are chosen which are similar to each other in all respects, 
except one site (the impact site) is subjected to the disturbance under investigation and the other 
(the control site) is not (ANZECC and ARMCANZ, 2000b). The same parameter is then 
monitored at each site before and after the disturbance to see if the parameter changes relative 
to the control site after the disturbance, thus indicating an impact. Variants of the BACI design 
have been developed, such as MBACI design, which promotes multiple control sites where 
possible, as they provide a stronger basis for inferring impacts resulting from a disturbance 
(ANZECC and ARMCANZ, 2000b) and multiple sampling events before and after the 
disturbance. Whilst these designs are typically used for biological indicators they are also used 
for other indicators such as water quality.   
 
The ERSs discharge into the MPC from the FMC. Two control sites were designated upstream 
of the FMC which were not affected by discharges from FMC (designated as ‘upstream 1’ and 
‘upstream 2’). A third control site had also been chosen. However, there was a possibility that it 
would be affected by sewer overflows from Melbourne Water’s infrastructure and for this reason 
was not included. Two downstream impacted sites were chosen, one in the FMC (designated as 
‘FMC’ site) and the other in the MPC (designated as ‘downstream site’). Figure 3.3 below shows 
the location of the upstream and downstream sites. The figure includes a photograph of the 
automatic sampler housing which is discussed below under sampling equipment. Identification 
numbers given to the samplers by CWW are shown on the map as AS28J2 and AS28K2 and 
AS28K3. Signs on the sampler housing with identification numbers allowed the public to report 
any faults or problems.   
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Figure 3.3 Sampling site locations  
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Upstream and downstream sites were chosen so that stream habitats and conditions closely 
matched each other. The reason for this is best described in Grapentine et.al. (2004: p 377) who 
explained that the difference between upstream and downstream sites should be minimal in all 
respects in order that any difference indentified can be attributed to the disturbance under 
investigation. It is difficult to establish the fate of pollutants from sewer overflows and how far 
potential impacts may extend. However, with upstream and downstream sites located less than 
1000m apart to maximise closely-matched stream habitats, the study focused on impacts that 
extended over this area.   
 
Ambient water quality measured in the stream during periods of no rainfall represent conditions 
prior to wet weather or a storm event and the associated discharge from the FMC both with and 
without sewer overflow. Water quality measured during wet weather without a sewer overflow at 
downstream sites represents conditions as a result of stormwater run-off from the FMC without 
any contribution from sewer overflow. Hence a noticeable increase in concentrations at 
downstream or impacted sites above upstream sites greater than during ambient conditions 
indicates an impact from stormwater run-off discharging from the FMC during a storm event. The 
initial plan was that wet weather sewer overflow events would also be sampled and this same 
logic could be applied. A more noticeable increase in concentration following sewer overflow at 
the downstream sites above upstream sites compared with that during ambient conditions and 
also from stormwater run-off only would indicate a greater impact from sewer overflow. This 
would have required similar storm events both with and without sewer overflow to be sampled. 
As no sewer overflow events occurred and also replicate events during wet weather without 
sewer overflow could not be sampled, this design was not utilised as was originally intended. 
Some discussion comparing ambient levels at upstream and downstream sites with the one 
storm event without sewer overflow is provided in Chapter 4. However, it is descriptive only and 
no statistical inference can be drawn. The simulation model presented in Chapter 6 allows a 
comparison of water quality following storm events with and without sewer overflow, and with 
ambient concentrations in receiving waters.   
 
Whilst upstream and downstream sites represent control and impact sites respectively for the 
FMC discharge, there are many other stormwater inputs upstream of the study site. Hence, for 
an impact to be registered at this site it was expected that it would need to be very extreme 
which would be similar for any degraded urban waterway. Furthermore, the ambient conditions 
of the stream would already be influenced by continuous stormwater inflow over time (Walsh et 
al., 2004) and therefore do not strictly represent pre-disturbance conditions. In terms of water 
quality however, which is used in the study as a short-term or immediate indicator of possible 
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impacts following a storm event, the ambient conditions do represent the receiving water quality 
prior to the storm event and associated stormwater run-off and sewer overflow from the FMC.   
 
3.4.2 Consideration of rainfall for sampling of a wet weather without sewer overflow 
event 
 
Ideally, sampling of a wet weather without sewer overflow event should occur in a storm event 
comparable in size to that required to cause a wet weather sewer overflow. As stated earlier in 
Section 3.2, the ERSs in the FMC catchment are likely to overflow in storm events with an ARI 
as low as 1 year (City West Water, 2004). Therefore, sampling a stormwater event without 
sewer overflow should occur in storms which are associated with an ARI as close as possible to 
1 year. However, due to the drought the largest wet weather event that occurred during the data 
collection period produced a total rainfall in the study catchment of 7.8mm. Information from a 
technical officer at the Bureau of Meteorology (BOM) advised that the ARI for this event was less 
than 1 in 3 months (personal communication, Gary Moore, BOM). Therefore, the storm event 
was smaller than one likely to cause a sewer overflow. However as it was the largest event 
sampling was undertaken during this storm using the methods described below. Visual 
inspection revealed that the event notably increased flows in both the MPC and FMC.  
 
3.4.3 Sampling equipment 
 
Wet weather without sewer overflow  
 
As storm events can happen at any time and last for varying durations, automatic water 
samplers that could be remotely triggered were used to ensure optimum data were collected 
Furthermore, automatic samplers were used to reduce safety issues when sampling during wet 
weather events.   
 
Digital cellular modem systems were installed for use with the automatic water samplers to allow 
remote commands to be sent to the samplers to activate them. These were used with an 
external, magnetic mount whip antenna. CWW has a SCADA alarm system which alerts the 
company to sewer overflows arising from ERSs. Therefore, had a sewer overflow event 
occurred, automatic samplers were to be started following alarms from the relevant ERSs. In 
relation to storm events without sewer overflow, rainfall data are also available on the CWW 
SCADA system, delivered at 5 minute intervals. These data were monitored and automatic 
samplers activated when rainfall appeared to be of sufficient magnitude. 
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Automatic samplers were placed on the river banks of MPC and FMC above flood levels. Due to 
the steep terrain, samplers were pumping a lift of between 6-10 meters, and batteries of a 
minimum of 26 A/H were required. Sampler in-take tubes were placed in a metal conduit and 
buried in shallow trenches down to the river for security and protection. The tube was suspended 
in rigid polyurethane pipe (commonly used for water supplies) in the MPC and followed the 
direction of the stream flow. This method minimises interference with the water sample and 
reduces snags which may damage or clog the tube. The tube was also weighted as it entered 
the river to ensure it did not float. A photograph of the automatic sampler housing was shown in 
Figure 3.3.  
 
Manual samples during wet weather without a sewer overflow were taken from one upstream 
site (termed Upstream 1 in Figure 3.3) as the placement of an automatic sampler was not 
feasible due to the terrain.   
 
Ambient   
 
Ambient sampling could be planned in advance and there were not the same safety issues as 
there were for sampling during storm events. Hence manual sampling was undertaken for 
ambient conditions. A hand-held field meter was also used to give in-situ measurements for 
electrical conductivity and pH 
 
3.4.3 Sampling frequency and number of samples 
 
Wet weather without sewer overflow  
 
Samples were taken in the MPC and FMC during the rainfall event (at zero hours) and then at 1, 
2, 4, 24 and 48 hours after the event at each site. This sampling regime allowed the change in 
water quality from ambient concentrations following a storm event to be determined. 
Furthermore, as concentrations were monitored with respect to time, it provided an indication of 
the length of time concentrations were above safe levels and the time it would take to return to 
ambient levels. This was considered more useful than determining an average concentration, as 
is often undertaken for stormwater run-off (expressed as an event mean concentration). Pollard 
et al. (2005) and D.A. Lord & Associates (1997) also used a similar technique when assessing 
the impact of a sewage overflow on an urban creek, monitoring the level of contaminants in the 
receiving waterway over a number of days. In the present study multiple samples were taken 
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within each time period to improve the accuracy of estimates. These were combined as a 
composite sample giving an average for each time period.   
 
To increase the reliability of the results, ideally repetitive storm events should be monitored. 
Unfortunately this was not possible as suitable events were too infrequent. The storm event 
which was sampled was the largest event experienced after installation of the samplers was 
completed, and as already established was much smaller than a storm with an ARI of 1 year. 
These data provided an initial indication of the impacts from stormwater run-off without sewer 
overflow, which is presented in Chapter 4. Published stormwater data from Australian Guidelines 
for Recycling (Phase 2) (NRMMC et al., 2009), which has the most comprehensive summary of 
Australian stormwater run-off data, were used to supplement this event. These data were 
considered appropriate for use in the simulation model to provide in-stream estimates of 
contaminants arising from storm water run-off from the FMC without sewer overflow (refer to 
Chapter 6). The published data and simulation model are discussed in Chapter 6.  
 
Ambient  
 
The frequency of sampling can be reduced during low flow periods as opposed to storm events 
as there is little variation in water quality between events (ANZECC and ARMCANZ, 2000b). 
Therefore, low flow sampling was undertaken at each site once in every season over a 12 month 
period and included a total of four sampling events. This accounted for temporal variability, 
which might occur for the different seasons. An analysis of these data and comparison with the 
concentrations as a result of the single storm event are presented in Chapter 4. Ambient 
concentrations are also compared with simulated in-stream concentrations from sewer overflow 
and stormwater run-off in Chapter 7, as part of initial risk screening of contaminants.   
 
For every ambient sampling event, multiple samples were taken at each site in order to ensure 
adequate characterisation of each location and account for spatial variation which may occur 
within each site (Downes et al., 2002).  However the cost of analysing each sample was 
prohibitive therefore samples were composited in the laboratory. This is a common technique 
which can be used to provide a representative concentration for each contaminant at each site.   
During ambient sampling the time that measurements were recorded for pH was considered as 
this parameter can be influenced by the time of the day. However, it is likely that pH levels are 
most affected at night where a decrease in level is likely due to processes associated with 
respiration (ANZECC and ARMCANZ, 2000a). 
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3.5 Raw Sewage Sampling Methods 
 
3.5.1 Sampling site 
 
Raw sewage sampling was conducted in CWW’s Kororoit Creek (KC) sewerage catchment 
which had pre-existing sampling equipment and flow meters installed to gather raw sewage 
wastewater quality data and sewer flow measurements, respectively. Prior to commencing 
sampling, the comparability of the wastewater quality for the KC and FMC catchments was 
assessed. The key consideration was that both sites have similar wastewater sources, as it was 
assumed that this would be the main factor influencing the level of contaminants present in the 
sewage. A study by Connor and Wilkie (1995), which attempted to characterise levels of 
contaminants in domestic sewage in Melbourne, also considered the nature of wastewater 
sources (in their case, being free of trade waste) the most critical aspect.  
 
Table 3.3 presents the percentage of residential versus non-residential sewer connections for 
the FMC and KC sewerage catchments. Both catchments have primarily residential customers, 
with the percentage of non-residential connections for FMC and KC being 4% and 1% 
respectively. A review of trade waste customers is summarised in Table 3.4, which presents the 
type and number of trade waste customers in both catchments. As the table shows, there were 
no significant industrial premises located in either of the catchments. The majority of trade waste 
customers are food premises (none of which are large food manufacturers), followed by 
vehicle/equipment washing, school laboratories and one contaminated stormwater. Furthermore, 
of the non-residential connections trade waste customers make up only 1% and 0.1% of the 
overall sewer connection for the FMC and KC catchments, respectively. It is likely that other 
non-residential premises are mostly office blocks which would have a similar waste stream to 
residential properties.  
 
Whilst the exact discharge volume from the non-residential premises was not measured by 
CWW, water consumption shown in Table 3.3 was considered indicative of this. Table 3.3 shows 
that the percentage of non-residential water consumption for both catchments is much less than 
for residential customers and hence residential discharge volumes are expected to be much 
greater than from non-residential customers. Therefore, the nature of discharge to sewer for 
both catchments was considered primarily domestic. Hence it was concluded that the KC 
catchment adequately represents wastewater quality in the FMC catchment. 
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A key study in characterising contributions of domestic sources to levels in Melbourne’s sewage 
was carried out by Connor and Wilkie (1995). To ensure concentrations of contaminants in raw 
sewage measured in the KC catchment were in the range expected from domestic sources, 
levels were compared with wastewater quality data provided in Connor and Wilkie (1995) which 
is presented in Chapter 4.   
 
Table 3.3 Residential and non-residential connections and water consumption for the KC and 
FMC sewerage catchments 
Catchment 
Connections Water consumption (kL/day) 
Res 
Non-
Res 
Total 
Non-
Res % 
Res 
Non-
Res 
Total 
Non-
Res % 
Kororoit Creek 9591 60 9651 1 5929 171 6100 3 
Five Mile Creek 2556 106 2662 4 1354 146 1500 10 
 
Table 3.4 Trade Waste customers for the KC and FMC sewerage catchments 
Catchment 
Number of Trade Waste Customers 
Food 
Premises 
Vehicle/equipment 
washing 
Laboratory 
(school) 
Contaminated 
SW 
Total % 
Kororoit Creek 4 - 3 - 8 0.1 
Five Mile Creek 18 16  1 35 1 
 
3.5.2 Equipment  
 
An automatic water sampler was used to take daily grab samples from a sewer manhole in the 
KC catchment. As part of a separate study, a semi-permanent flow meter was installed in the KC 
catchment manhole providing comprehensive measured flow data for the sewer, thus allowing 
sewer flows to be determined. An independent hand-held flow measurement device was used to 
check the data from the in-sewer flow gauge monitor. CWW reported an accuracy of between -
8% and +10% for the in-sewer flow gauge monitor. 
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3.5.3 Sampling frequency and number of samples  
 
A full consecutive week of sampling was covered to account for any variations in concentration 
that may occur due to the day of the week, with nine days sampled in total. Variation at different 
times over the course of a day was also considered. However, budgetary constraints meant that 
it was not feasible to sample at regular intervals throughout the day, and it was not desirable to 
combine samples for a daily average as this method may not represent high levels, which are 
important in making a conservative or worst-case estimate for initial risk screening (refer to 
Chapters 6 and 7). Therefore, times of expected highest and lowest concentrations were 
sampled. It was assumed that the concentration could fall anywhere between these two high and 
low points, defined as a worst-case and best-case estimate of concentration, respectively. This 
would provide more information than a single point estimate as it acknowledges uncertainty 
(Burgman, 2005). 
 
Personal communications with CWW trade waste and civil engineers (Luke Barker and Scott 
Nicholls) indicated that the lowest and highest dry weather sewer concentrations were expected 
to be at times when the dry weather sewer flow in the sewer was lowest and highest, 
respectively. The reason for this is that at low dry weather sewer flow there is much less 
discharge of contaminants than during high dry weather sewer flow. Furthermore, any dilution 
from extra water discharged at high dry weather flow is not sufficient to reduce contaminants 
below concentrations at low dry weather sewer flow. Also, during wet weather, in-sewer dilutions 
were expected to be less and sewer overflow volumes were expected to be larger at high dry 
weather sewer flow than at low dry weather sewer flow (which is discussed further in Chapter 5). 
This fact, in conjunction with worst-case raw sewage concentrations potentially provides a 
conservative estimate of in-stream MPC concentrations and subsequent risk for risk screening in 
Chapters in 6 and 7. Hence, grab samples were taken twice each day at a time of high and low 
dry weather sewer flow. 
 
Figure 3.4 provides the average daily dry weather flows for June/July 2007, measured at 
K0R127 manhole in the KC catchment using the flow meter installed in the manhole. The 
highest dry weather flows on weekdays were between 8-10am and on weekends between 10-
12am. Low dry weather flows for both weekdays and weekends were between 3-6am. Sampling 
was conducted to coincide with these times, both on the weekend and weekdays as far as 
possible. For low dry weather flow it was difficult to obtain enough samples at very low flow, and 
slightly earlier sampling was therefore conducted, usually between midnight and 2am.   
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Figure 3.5 shows the typical dry weather sewer flow profile for the FMC catchment and 
represents the dimensionless diurnal variation of flow over 24 hours for both a typical weekday 
and weekend. This profile was derived from monitored flows in the sewer during dry weather 
periods by CWW and was used to calibrate a hydraulic model for the FMC sewerage system 
(which is discussed further in Chapter 5).   
 
Figure 3.4 shows that the weekend peak flows are higher than the weekday peak flows for the 
KC catchment, whereas the opposite is true for the FMC catchment dry weather flow profile 
shown in Figure 3.5. Importantly however, Figure 3.5 shows that the times of low and high flow 
for weekends and weekdays correspond with times of low and high KC catchment sewer flows in 
Figure 3.4. This becomes important for the sewer overflow simulation in Chapter 6 allowing the 
times of simulated sewer overflow which coincide with a time of low and high dry weather sewer 
flow to correspond with the times of raw sewage sampling, and hence low and high dry weather 
sewer flow concentrations.   
 
Figure 3.4 Average hourly dry weather sewer flow at the KC manhole (K0R127) for June and 
July 2007 
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Figure 3.5 Dry weather sewer flow dimensionless hydrograph/profiles for the FMC sewerage 
catchment  
 
Consideration of rainfall 
 
Raw sewage sampling on days of heavy rainfall was avoided as any infiltration into the sewer 
could have impacted on results. All sample days were completely without rainfall except for two 
weekdays which had 9.6 mm and 2.6 mm of rain. CWW advised that as the sewer was relatively 
new, they did not expect any infiltration into the sewer based on this amount of rainfall. 
Furthermore if there was any increase in flow it would be below the error in the measurement of 
flow (-8 to +10%) discussed earlier. Therefore, sampling proceeded on these days.  
 
Flow meters installed in the sewer could show if there was any increase above the average flow 
on these two days. Unfortunately however, there was a problem with the flow equipment during 
this week and readings could not be obtained. Instead, daily rainfall and sewer flows were 
obtained from October 2006 to July 2007 to see whether there was any significant impact on 
flow as result of rainfall. First, any outliers in the flow data were identified as these could 
potentially impact on results. Figure 3.6 shows one very low flow value (shown as asterisk *) that 
cannot be explained and is most likely an error in the flow measurement. This point was 
removed from the data. Figures 3.7 to 3.11 show rainfall and flow plotted against time for 
October 2006 to July 2007. Figure 3.4 shows that weekend flow is larger for the KC catchment 
than weekday flow.  This pattern is also seen in Figures 3.7 to 3.11, with an increase in flow 
every weekend. There is no obvious increase in flow due to rainfall, which supports CWWs 
advice that there would be little or no infiltration into the sewer on the two sampling days where 
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some rainfall occurred. Therefore, the samples should represent concentrations expected at dry 
weather sewer flow. 
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Figure 3.6 Boxplot of flow data for KC catchment from October 2006 through to June 2007 
showing low outlier  
Figure 3.7 Sewer flow and rainfall versus time for June 2007 in the KC catchment 
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Figure 3.8 Sewer flow and rainfall versus time for July 2007 in the KC catchment 
 
Figure 3.9 Sewer flow and rainfall versus time for March to May 2007 in the KC catchment 
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Figure 3.10 Sewer flow and rainfall versus time for January and February 2007 in the KC 
catchment  
 
Figure 3.11 Sewer flow and rainfall versus time for October to December 2006 in the KC 
catchment  
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Figures 3.7 to 3.11 show that the average dry weather sewer flow varied over the different 
months. This may have been due to people discharging grey water on gardens during dry 
months (February to May) and it also may have been caused by variations in the accuracy of the 
flow monitoring data.   
 
3.6 Laboratory Analysis 
 
All ambient, wet weather without sewer overflow and raw sewage samples were analysed in a 
National Association of Testing Authorities (NATA) registered laboratory. Table 3.5 below lists 
the methods and instrumentation used by the laboratory to analyse samples for the various 
contaminants. Methods of analysis were based primarily on methods in standard references 
including Standard Methods for the Examination of Water and Wastewater (APHA, 2005), and 
Methods for Chemical Analysis of Water and Wastes (USEPA, 1983) Further information on the 
methods used can be found in these texts. IDEXX Laboratories Pty Ltd. (2007) can also be 
referred to for further information on coliert and enterolert methods.  
 
Table 3.5 Methods of analysis used for the various contaminants 
Contaminant Methods/Instrumentation Method Reference 
E.coli Colilert 
(IDEXX Laboratories 
Pty Ltd, 2011) 
Enterococci Enterolert 
IDEXX Laboratories 
Pty Ltd., 2007 
Metals 
Inductively coupled plasma atomic emission 
spectrometry (ICP-mass spectrometry) 
USEPA, 1983 
Low level mercury 
Mercury by vapour AAS, Flow injection 
mercury system 
USEPA, 1983 
Total phosphorous 
Cations by inductively coupled plasma 
atomic emission spectrometry (ICP/AES) 
USEPA, 1983 
Orthophosphate Anions by ion chromatography APHA, 2005/USEPA 
Total nitrogen Distillation/Titration APHA 
Ammonia Distillation/Titration APHA 
Nitrite Anions by ion chromatography APHA/USEPA 
Nitrate Anions by ion chromatography APHA/USEPA 
Total suspended 
solids 
Analytical Balance APHA 
pH pH meter APHA 
Electrical 
conductivity 
Conductivity meter APHA 
Iron Cations by ICP/AES USEPA 
Total dissolved 
solids 
Analytical Balance APHA 
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3.7 Quality Assurance 
 
3.7.1 Quality assurance measures 
 
Errors can occur at various stages of a sampling program including collection, transport, analysis 
and data handling which can compromise the accuracy and reliability of results (AS/NZS, 1998). 
The following measures were put in place to minimise errors: 
 
• Required storage times and guidelines for the preservation of samples were adhered to. 
 
• Adequate and secure labelling was provided including time, location and sample type. 
 
• Appropriate sampling techniques were used for manual and automatic sampling to minimise 
contamination. 
 
• Sterile sample bottles were used where required. 
 
• All in-situ equipment was calibrated before sampling.  
 
• Field and transport blanks were collected. 
 
• NATA-accredited laboratory was used for analysis of samples. 
 
o It should be noted that NATA accreditation requires a mandatory quality assurance 
program. As part of this program, the following quality control steps were 
implemented to assess the accuracy and precision of measurement procedures and 
to detect any contamination from analysis methods: analysis blanks, duplicate 
samples, laboratory control samples and surrogate spikes. Results of these quality 
control processes were provided by the laboratory. 
 
• Data handling verification techniques were used, including receiving data electronically from 
the laboratory to reduce the likelihood of errors from re-entering data manually. Also data 
were checked to ensure that they were matched to site and time/date information accurately 
 
Further information is provided below on field and transport blanks including the results. 
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3.7.2 Field and transport blanks 
 
A field blank was used to check whether any contamination was introduced from the equipment 
or handling when the sample was taken. One blank per trip per collection apparatus was taken 
as recommended by AS/NZS (1998). Transport blanks were also taken to check if any 
contamination was introduced during the transport and storage of samples from the time of 
sampling to analysis. One blank per group of samples was taken. The method set out in 
AS/NZS(1998) was used, whereby a de-ionised water sample was divided into two parts with 
portion A retained at CWW as the control, and portion B divided into a further two parts B1 and 
B2 and taken to the sampling site. B1 was used as the field blank and B2 as the transport blank. 
Samples A, B1 and B2 were then analysed and compared.   
 
Results of transport and field blanks 
 
If no contamination has occurred contaminants in the field and transport blanks should not be 
detected. The significance of the blank analysis was evaluated with respect to the concentration 
of the actual samples. Where it appeared that there was significant contamination occurring in 
the field or transport blank the concentration was subtracted from the actual level in the real 
sample or the result was not used. Transport and sample collection procedures were also 
reviewed. Quality assurance results were good as nearly all field and transport blanks showed 
no contamination. The few exceptions to this are discussed below.   
 
For the wet weather without sewer overflow sampling event, blanks showed some contamination 
from iron, selenium and vanadium. The concentration of iron was very small, making up less 
than 3 % of the concentration of the actual sample data, and was considered insignificant. 
Selenium and vanadium showed greater contamination; 25-50% of actual sample data. It was 
difficult to pin-point the contamination source however, as results showed that the sample kept 
at the CWW laboratory (the control) had some contamination from vanadium and a higher 
contamination for selenium than the transport or field blank. There was also some minor 
contamination from E.coli in the field blank, making up 7.5% of the average wet weather E.coli 
concentration of the actual sample data.  
 
For one ambient sampling event in November, some contamination for ammonia was measured. 
As the contamination was in all three of the blank samples including the control and only slightly 
higher in the field, it was difficult to pin-point the problem. The contamination from the field blank 
was 17% of the average ammonia concentration in the actual sample data. The February 
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ambient results showed some E.coli in the field blank. However, this was minor being only 4% of 
the average E.coli concentration measured in the actual samples.  
 
Therefore of the contaminants present in the blanks for the wet weather without sewer overflow 
event only vanadium and selenium would have a significant impact on the results. Of the 
ambient results, only ammonia levels in the blank samples for November were potentially 
significant. Overall, the results of blanks showed that insignificant or no contamination occurred 
from the transport or sampling processes. However, the little contamination that did occur 
showed that some improvement was needed. Furthermore, the contamination already present in 
the control sample kept at the laboratory meant that it was difficult to determine whether 
contamination was occurring during the transport or field process or whether contamination may 
have already occurred, for example due to the sample container.  
 
3.8 Summary 
 
This chapter has presented the design and methodology for the water quality and raw sewage 
sampling programs. In assessing the impacts of sewer overflow on water quality it was important 
that other sources of pollution be considered and in particular stormwater run-off. Therefore, the 
sampling program included wet weather conditions without a sewer overflow as being indicative 
of pollution from stormwater run-off without any contribution from sewer overflow. These data 
provided an initial indication of the impacts from stormwater run-off without sewer overflow which 
is presented in Chapter 4. As only one event was sampled, in Chapters 6 and 7 simulated in-
stream concentrations from stormwater run-off using primarily published data are compared 
against concentrations from wet weather sewer overflow. This comparison enables conclusions 
to be drawn on the relative impacts of each of these sources on the water quality in receiving 
waters. As no sewer overflows occurred at the time of the study, a sampling program for raw 
sewage has been presented in this chapter and the data is used later in a model to predict the 
water quality in receiving waters following wet weather sewer overflow. A sampling program for 
ambient dry weather conditions without any rainfall has also been presented, which would allow 
any changes caused by wet weather sewer overflow or stormwater run-off to be detected.  
 
The FMC catchment, which is primarily a residential urban area, was considered the most 
suitable of the non-compliant sewerage catchments in CWW’s jurisdiction and was therefore 
chosen for the study. Thirty two water quality contaminants were chosen common to both 
sewage and stormwater, including a range of metals, microbiological contaminants and 
ecosystem health stressors. Sampling of these contaminants in the FMC and MPC during 
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ambient conditions and also during wet weather without a sewer overflow was undertaken. 
Sampling at sites upstream and downstream of the FMC representing control and impact sites 
respectively was undertaken for these two scenarios. Due to the sporadic nature of storm events 
and safety issues, sampling during wet weather without sewer overflow was conducted using 
automatic samplers which could be remotely triggered. Samples were taken at appropriate 
intervals during the storm event to provide an indication of the length of time contaminant 
concentrations were above safe levels. Ambient sampling was done manually over a 12 month 
period in every season to account for temporal variability which might occur for the different 
seasons. 
 
Raw sewage sampling was undertaken in the KC sewerage catchment, which has been shown 
to have primarily domestic-type wastewater discharge and to adequately represent wastewater 
quality in the FMC catchment. An automatic water sampler was used to take daily grab samples 
from a sewer manhole in the KC catchment. A full consecutive week of sampling was covered to 
account for any variations in concentration that may occur due to the day of the week, with nine 
days sampled in total. To account for variation during the course of a day, samples were taken 
at times designated as low and high dry weather sewer flow. It is assumed that the times of low 
and high dry weather sewer flow would provide best and worst-case estimates of concentration 
respectively and hence the concentration may fall anywhere between these two points.   
 
All water quality and raw sewage samples were analysed in a NATA accredited laboratory and 
were subject to quality assurance measures.   
 
A summary and analysis of the water quality and raw sewage data collected using the methods 
presented in this chapter is provided in Chapter 4.  
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CHAPTER 4 
WATER QUALITY AND RAW SEWAGE SAMPLING- DATA ANALYSIS 
 
4.1 Introduction 
 
Following the collection of receiving water quality during ambient and wet weather conditions 
without sewer overflow and raw sewage using the methodology described in the previous 
chapter, data analysis was undertaken. The methods used for data analysis and subsequent 
results are presented in this chapter.  
 
In this chapter summary statistics are calculated for measured raw sewage data taken at high 
and low dry weather sewer flow (DWF). This summary data is required for use in the prediction 
of sewer overflow and receiving waterway concentrations using the mass balance model, the 
methods for which are discussed in Chapters 5 and 6 and to a lesser extent in Chapter 8. As 
discussed in Chapter 3, it was assumed that concentrations were likely to be lowest at a time of 
low DWF and greatest at high DWF, thus generating best and worst-case concentrations. This 
was considered superior to taking a single sample which would generate a point estimate, as it 
accounted to some extent for the variability of the concentrations in the sewer. To confirm this 
assumption, a comparison of concentrations at times of high and low DWF is made in this 
chapter. In addition, summary statistics are compared with other domestic raw sewage data to 
verify whether concentrations are in the range expected from a domestic catchment and thus 
adequately represent this type of catchment.   
 
Summary statistics for the ambient receiving water quality data collected in Chapter 3 are also 
calculated. Summarised ambient data will ultimately be used for comparison with simulated 
concentrations in the receiving waterway as a result of sewer overflow, presented in Chapter 7. 
It is assumed that levels in the Moonee Ponds Creek (MPC) during ambient conditions will 
already be quite degraded. This assumption is based primarily on an assessment of the 
condition of MPC by Melbourne Water; the body responsible for management of Melbourne’s 
waterways. Melbourne Water rates the overall environmental condition of the MPC as very poor 
and the water quality of the creek as poor (Melbourne Water and Port Phillip and Westernport 
CMA, 2004, 2006). Furthermore, a comprehensive study of water quality during ambient 
conditions in the MPC found that, whilst there had been some improvements in water quality 
compared to earlier years, it was still very poor and could be dramatically improved (Ho and 
Pettigrove, 1996). According to the information in the above reports, whilst some improvement 
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may have been made in the water quality in the MPC, it is still likely to be quite poor. To confirm 
this assumption, a comparison of summarised data against water quality objectives is made in 
this chapter. Furthermore, an assessment of the condition of the creek at times of low flow 
provides an initial indication of whether the ambient conditions in the creek are already poor prior 
to wet weather sewer overflow.    
 
Unlike raw sewage and ambient data, only one storm event without sewer overflow was 
sampled, due to the drought conditions during the data collection period. Summary statistics are 
therefore not provided for this event. Based on the review of literature in Chapter 2 (Bickford et 
al., 1999; Marsalek et al., 1999; Pollard et al., 2005), it is assumed that stormwater run-off from 
the catchment without sewer overflow will have a significant impact on the water quality of the 
creek. Therefore, a comparison of the data from this one event with ambient concentrations and 
water quality objectives is undertaken to provide an initial indication of the likely impact of 
stormwater run-off on the water quality of the MPC prior to sewer overflow. As only one wet 
weather event was sampled, further investigation of the impacts from stormwater run-off are 
undertaken using primarily published data in Chapter 7.   
 
In this chapter, first the methods used to calculate summary statistics for raw sewage and 
ambient receiving water data are outlined. The raw sewage results are then presented and 
discussed. Finally, ambient and wet weather (without sewer overflow) results are presented, 
compared and discussed. 
 
4.2 Determining Outliers in Measured Raw Sewage and Ambient In-stream Water Quality 
Data 
 
Before the measured raw sewage and ambient MPC data was summarized it was checked for 
unusually large or small observations, or outliers. Outliers may be the result of errors which may 
occur during the collection, analysis or data handling stages, which can significantly affect 
results and should therefore be checked. To automatically discard extreme observations may 
introduce bias into analyses and may miss important information which the outlier may provide 
(ANZECC and ARMCANZ, 2000a). As suggested by the Australian and New Zealand Guidelines 
for Fresh and Marine Water Quality 2000 (ANZECC), only the most extreme values which were 
four or more standard deviations from the mean were considered outliers. Where identified, 
these values were removed where no reasonable explanation could be provided for the outlier.  
 
79 
Values greater than 1.5 standard deviations from the mean for the raw sewage data were found 
for the following contaminants; lead, copper and enterococci, at high DWF, and cadmium at low 
DWF. All observations were between 1.6 and 2.6 standard deviations from the mean, except for 
copper which was 3.8 standard deviations from the mean. As all values were within four 
standard deviations from the mean and no errors could be detected with the data, these values 
were not removed. All observations for microbiological, ecosystem health and metal 
contaminants for ambient MPC water samples were within 1.5 standard deviations from the 
mean.     
 
4.3 Handling Censored Data in Measured Raw Sewage and Ambient In-stream Water 
Quality Data 
 
Minitab software was used to calculate summary statistics for raw sewage and ambient results 
(which are summarized in Appendices A and B respectively). Consideration was given to how to 
best summarize data for those variables containing censored values. This issue is discussed in 
Section 4.3.1 below. Censored values refer to contaminants that have failed to be detected and 
are therefore reported as below a detection limit. The detection limits discussed in the present 
study which have been reported by the laboratory refer to the practical quantification limit (PQL). 
The PQL is the lowest concentration an instrument can accurately measure with the required 
precision and accuracy (EPA Victoria, 2000). The percentages of censored values for each 
contaminant in raw sewage at high and low DWF, and for ambient conditions in the FMC and 
MPC are shown in Tables A1 and A2 and Tables B1 to B4 respectively, under the column 
headed ‘percent not detected’. The percentages of censored data for variables range from zero 
to one hundred.   
 
4.3.1 Censored data analysis 
 
To analyse environmental censored data, the most commonly-used method is to substitute 
values, usually between zero and the detection limit, for each censored value. Helsel (2005, 
2006) draws together various studies by himself and others (Baccarelli et al., 2005; She, 1997; 
Singh and Nocerino, 2002), providing strong evidence that substituting values for non-detects 
performs poorly compared with other methods and is generally not an ideal approach for 
computing statistics for data with non-detects.   
 
Better techniques such as survival and reliability analysis, commonly used in other areas such 
as the medical sciences and engineering, exist for the analysis of data containing censored 
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values. Survival analysis is a term used to describe a range of statistical techniques for data 
analysis that attempt to characterize the time to a specified event (Kleinbaum and Klein, 2005). 
For example, in medical terms it may be the time to contract heart disease, or survival time of 
cancer sufferers. Censoring often occurs in these situations as a person may withdraw from the 
study or cannot be reached for follow up or may not experience the event before the study ends 
(Kleinbaum and Klein, 2005).   
 
The same methods employed in these situations can be adapted to environmental censored 
data (Blackwood, 1991; Helsel, 2005, 2006; She, 1997). Although survival analysis is generally 
used in terms of time to a specific event, it can apply to any random variable. Therefore, in terms 
of environmental data, a concentration measurement such as mg/L can be substituted for time 
(Blackwood, 1991). Most censored medical/engineering data are generally what is called ‘right-
censored’ where the uncertainty is on the right side of the observed survival time interval 
(Kleinbaum and Klein, 2005). In other words, the data point will be above a certain value but it is 
not certain by how much. Therefore they are expressed as greater-than values (e.g. >100; 
where 100 is the threshold value which the data point is known to exceed). Therefore, survival 
analysis techniques are generally designed for right-censored data. Most environmental data are 
censored on the left, with uncertainty occurring for the lower values, and are expressed as less 
than values (e.g. <100). However left-censored data can be transformed into right-censored data 
for use in survival analysis (Blackwood, 1991; Helsel, 2005; She, 1997) .   
 
Based on a comparison and review of various studies, Helsel (2005) suggests that where less 
than 50% of data are censored, the survival analysis technique known as the Kaplan-Meier (K-
M) method should be used. K-M, also known as the product limit estimator, is one of the most 
commonly-used survival analysis techniques (Blackwood, 1991). It is a non-parametric 
technique and therefore does not assume an underlying distribution. The K-M method estimates 
the survival function denoted by S(y), which is the probability that a random value Y exceeds any 
particular values of y (Helsel, 2005; Kleinbaum and Klein, 2005).   
 
For censored raw sewage and ambient in-stream water quality data, where less than 50% of 
values were censored, the K-M method was used to compute the summary statistics provided in 
Appendices A and B respectively.  
 
As Minitab accepts only right-censored data, the left-censored data were first transformed or 
flipped to right-censored. Flipping the data does not affect the data distribution or any of the 
measures of location such as mean, median and other percentiles, rather the estimates obtained 
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from flipped data must simply be re-transformed (Blackwood, 1991; Helsel, 2005; She, 1997). To 
flip the data, an arbitrary value (flipping constant) which was greater than the maximum was 
chosen, and all original observations or values were subtracted from this, as shown Equation 4.1 
(Helsel, 2005); 
 
Flip
i
=M-xi Equation 4.1 
 
where: Flipi is the flipped or transformed data from left to right-censored values, M is the flipping 
constant and xi is all observations.   
 
The measured copper concentrations in raw sewage at high DWF along with the corresponding 
flipped concentrations, where the flipping constant M is 0.09 mg/L, are presented below in Table 
4.1 as an example. There are nine observations or concentrations for each of the nine days 
sampled, as explained in Chapter 3. Of these nine concentrations, only one was a censored 
value (less than 50% of the number of data points).   
 
Table 4.1 Measured copper (Cu) concentrations in raw sewage at high DWF and corresponding 
flipped concentrations 
Cu mg/L Flip Cu (M=0.09 mg/L) 
0.065 0.025 
0.087 0.003 
0.072 0.018 
0.049 0.041 
0.054 0.036 
0.053 0.037 
<0.005 0.085 
0.076 0.014 
0.089 0.001 
 
Once the data is flipped, the K-M method computes estimates of survival probabilities for the 
censored data. An example of K-M survival probabilities computed for copper concentrations 
measured in raw sewage is presented in Table 4.2.  
 
Column 1 in Table 4.2 of the K-M estimates shows the detected concentrations in the data set of 
copper in mg/L (where these concentrations are the measured observations from Table 4.1). As 
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mentioned earlier, concentration is substituted for survival time. Column 2 is the flipped value for 
each of the detected observations also taken from Table 4.1. Column 3 refers to the number at 
risk, which is a measure of the number of observations both detected and censored, at or below 
the corresponding detected concentration. The number failed is the number of detected 
observations at that concentration. It is referred to as the number failed because, in traditional 
survival analysis, it denotes the number that did not survive past the corresponding time (where 
time would ordinarily be in Column 1 instead of concentration).  
 
Table 4.2 Kaplan-Meier survival probabilities for raw sewage copper (Cu) data at high DWF 
Cu 
(mg/L) 
Col 
(1) 
Flip 
Cu 
(mg/L)  
Col 
(2) 
Number 
at Risk  
Col (3) 
Number 
Failed  
Col (4) 
Incremental 
Survival  
Col (5) 
Survival 
Probability 
Col (6) 
Standard 
Error 
Col (7) 
95 % CI 
Lower 
Col (8) 
95 % 
CI 
Upper 
Col (9) 
0.089 0.001 9 1 0.889 0.889 0.105 0.684 1.000 
0.087 0.003 8 1 0.875 0.778 0.139 0.506 1.000 
0.076 0.014 7 1 0.857 0.667 0.157 0.359 0.975 
0.072 0.018 6 1 0.833 0.556 0.166 0.231 0.880 
0.065 0.025 5 1 0.8 0.444 0.166 0.120 0.769 
0.054 0.036 4 1 0.75 0.333 0.157 0.025 0.641 
0.053 0.037 3 1 0.667 0.222 0.139 0.000 0.494 
0.049 0.041 2 1 0.5 0.111 0.105 0.000 0.316 
 
For example, in Column 3 of Table 4.2, the number of observations at and below the 
concentration of 0.089 mg/L (or at and above the flip of 0.001 mg/L) is 9, which includes the total 
number or 100% of detected and censored observations of the data set from Table 4.1. In 
Column 4, the number of observations that are detected at the concentration of 0.089 mg/L (flip 
of 0.001 mg/L) was 1. Alternatively, in the last row of Column 3 in Table 4.2, the number of 
observations at or below the concentration of 0.049 mg/L (or at and above the flip of 0.041 mg/L) 
is two. In Column 4, only one of these two observations is detected at this concentration (which 
is 0.049 mg/L itself). The one censored value of <0.005 mg/L (flip of 0.085 mg/L) from Table 4.1 
is less than 0.049 mg/L (and greater than the flip of 0.041 mg/L). Hence, this censored value is 
not counted as detected (failed) at this concentration in Column 4. In fact, even if this censored 
value had a detection limit of 0.049 and hence was recorded as <0.049 mg/L, it would still not be 
counted as detected (or failed). However, if there was a next lowest observation (or highest 
observation in the flipped scale), the censored value would subsequently not be counted as at 
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risk (as it would not be detected or censored at that next lowest observation). This is 
fundamentally how censored values are used in the K-M method. When they are censored at a 
particular detection limit they are not counted as being at the detection limit, (or failed in survival 
analysis terminology), because they are known to be less than this value in the original scale (or 
greater in the flipped scale), but are not counted as one of the number at risk for the next lowest 
concentration.   
 
Column 5 in Table 4.2 is the incremental survival probability, which as Helsel (2005: p 65) 
explains “..... is the probability of surviving to the next lowest detected concentration, given the 
number of data at and below that concentration:.”. The incremental survival probability is 
calculated from Equation 4.2. 
 
p=
b-d
b
 Equation 4.2 
 
where: p is the incremental survival probability (shown in Column 5 of Table 4.2), b is the 
number at risk (shown in Column 3 of Table 4.2) and d is the number failed (shown in Column 4 
of Table 4.2). 
 
Finally, the survival function probability is presented in Column 6 of Table 4.2, which as Helsel 
(2005) explains is the product of the incremental probabilities to that point and is calculated from 
Equation 4.3. 
 
S= ∏ p
j
k
j=1  Equation 4.3 
 
where: S is the survival probability, which is the product of the j=1 to k incremental probabilities, 
pj (calculated from Equation 4.2) to that point.   
 
For example, in Row 1 of Table 4.2, using Equation 4.2, the estimate or probability that an 
observation will be below 0.089 mg/L, or in other words, the probability of “surviving” to the next 
lowest concentration of 0.087 mg/L is simply;  
 
p=
9-1
9
=0.88 ,  
as shown in Column 5 of Table 4.2. 
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In Row 2, if the concentration is below 0.089 mg/L, the conditional probability that an observation 
will then be below 0.087 mg/L or the probability of “surviving” to the next lowest concentration of 
0.076 mg/L is; 
 
p=
8-1
8
=0.875, 
as shown in Column 5 of Table 4.2. 
 
Hence, using Equation 4.3, the estimated probability of “surviving past” (or being less than) both 
0.089 mg/L and 0.087 mg/L to the next lowest detected concentration of 0.076 mg/L is; 
 
S= 9-1
9
 × 8-1
8
 =0.778, 
as shown in Column 6 of Table 4.2. 
 
A corresponding plot of survival function is produced in the computation of K-M estimates. 
Estimated survivor curves are step functions with a horizontal line at each survival probability 
corresponding to the detected observation on the X axis. An example of a survival function plot 
is shown below in Figure 4.1.  
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Figure 4.1 Nonparametric survival function plot (Kaplan-Meier Method) for flipped copper 
concentration data for raw sewage at high DWF  
 
Estimates of summary statistics are calculated from the K-M analysis of flipped raw sewage and 
ambient data before re-transformation, and an example is provided below in Table 4.3 for 
copper. Percentiles (PCLs) are estimated from the survival function graph (refer to Figure 4.1) by 
the value on the X axis that is intersected by the line drawn at the probability value from the Y 
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axis. Equations used in the K-M method to determine other summary statistics can be found in 
various standard survival analysis text books and are also shown in Blackwood (1991), Helsel 
(2005) and She (1997).  
 
Table 4.3 Estimate of summary statistics produced by K-M analysis of flipped copper 
concentrations in raw sewage at high DWF in mg/L 
Contaminant Mean 
95.0% 
Normal CI 
Lower 
95.0% 
Normal CI 
Upper 
Standard 
Error 
25th 
PCL 
Median 
75th 
PCL 
Inter 
quartile  
Range 
Cu (mg/L) 0.024 0.0053095 0.0135936 0.0344064 0.014 0.025 0.037 0.023 
 
Mean, median and other PCLs for flipped data must be re-transformed back into the original 
scale by subtracting these from the constant used to flip or transform the data. Using the copper 
example, when the above estimates in Table 4.3 are subtracted from the flipping constant of 
0.09 mg/L, the resultant summary statistics in Table 4.4 below are obtained. Estimates of 
variability such as standard deviation are the same for both flipped and original units. All re-
transformed estimates into the original scale are provided in the tables of summary statistics 
presented in Appendices A and B. 
 
Table 4.4 Summary statistics for copper concentrations in raw sewage at high DWF in mg/L 
using Kaplan-Meier method 
Contaminant Mean 
Standard 
deviation 
25th PCL Median 75th PCL 
Cu (mg/L) 0.066 0.016 0.053 0.065 0.076 
 
Helsel (2005) recommends other methods such as robust maximum likelihood estimation (MLE) 
or robust “regression on order statistics” (ROS), where between 50% to 80% of data is censored 
for sample sizes less than 50%. The reason is that K-M does not provide an estimate of the 
median where greater than 50% of data are censored. In this case, a method which assumes 
some distribution is required to provide an estimate of the median (Helsel, 2005). For raw 
sewage data, only tin at low and high DWF had 50% to 80% censored data. ROS methods were 
used to calculate summary statistics for raw sewage tin data. Essentially, ROS calculates 
summary statistics using a regression equation on a probability plot. Further information on how 
the statistics are computed by this method is provided in Helsel (2005).  
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For ambient data, fewer samples were taken than for raw sewage. Therefore, in general, 
confidence intervals both around the mean and for the survival probabilities are wider than for 
the raw sewage data. Furthermore, the smaller sample size made it difficult to obtain summary 
statistics for those contaminants for which 50% to 80% of data was censored (three out of four 
censored). The ROS method was ineffective as there were too few samples and only one 
uncensored value to plot. The K-M method gave no confidence intervals around the mean and 
reported the mean as equal to the only detected value. Therefore, contaminants are summarized 
as maximum and minimum values in Tables B1 to B4. For some contaminants measured during 
ambient conditions, where less than 50% of data was censored and the detection limit for the 
censored value was above any of the detected values, the censored value was discarded. 
Helsel (2005) explains that a censored value which is above the largest detected observation 
has no affect on the K-M output. Therefore, summary statistics for these contaminants were 
computed as normal.  
 
Helsel (2005) advises that estimates of summary statistics where there was more than 80% 
censoring would be unreliable. Hence, for contaminants where more than 80% of raw sewage 
and ambient in-stream data was censored, summary statistics were not provided. Rather, the 
minimum and maximum values have been recorded in Tables A1 and A2 for raw sewage data 
and Tables B1 to B4 for ambient data. A change in laboratories used to undertake the analysis 
of water samples occurred during the course of the study. Hence, there is typically more than 
one detection limit as each laboratory had its own specified PQL. This explains why a minimum 
and maximum censored value is provided, rather than one detection limit.  
 
4.4 Presentation and Discussion of Summarised Raw Sewage Data  
 
Summary statistics for raw sewage data are provided in Tables A1 and A2 and a summary of 
median concentrations at high and low DWF is provided in Table 4.5. For certain contaminants, 
100% of data was censored (as shown in Tables A1 and A2). As a result reliable estimates of 
the median concentrations could not be obtained. This included the following contaminants; 
antimony, beryllium, chromium, cobalt, mercury, molybdenum, nickel, selenium, silver, thallium 
and vanadium. Therefore, the respective detection limit for each contaminant has been included 
in Table 4.5 rather than a median concentration.  
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Table 4.5 Comparison of median contaminant concentrations in raw sewage at high and low 
DWF 
Contaminant Units 
High DWF 
Median conc. 
Low DWF 
Median conc. 
Aluminium mg/L 0.24 0.14 
Antimony mg/L <0.005 <0.005 
Arsenic mg/L 0.0012 0.0015 
Beryllium mg/L <0.005 <0.005 
Boron mg/L 0.065 0.073 
Cadmium mg/L 0.0002 0.0002 
Chromium mg/L <0.005 <0.005 
Cobalt mg/L <0.005 <0.005 
Copper mg/L 0.065 0.062 
Iron mg/L 0.275 0.19 
Lead mg/L 0.0023 0.002 
Manganese mg/L 0.025 0.021 
Mercury mg/L <0.001 <0.001 
Molybdenum mg/L <0.005 <0.005 
Nickel mg/L <0.005 <0.005 
Selenium mg/L <0.005 <0.005 
Silver mg/L <0.005 <0.005 
Thallium mg/L <0.005 <0.005 
Tin mg/L 0.004419 0.00224 
Vanadium mg/L <0.005 <0.005 
Zinc mg/L 0.091 0.07 
E.coli orgs/100ml 13000000 7300000 
Enterococci orgs/100ml 1400000 610000 
Total dissolved solids mg/L 340 280 
Orthophosphate mg/L 20 13 
Ammonia mg/L 64 46 
Total nitrogen mg/L 68 55 
Total phosphorous mg/L 11.2 9 
Nitrite mg/L <0.5 <0.5 
Nitrate mg/L <0.5 <0.5 
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Table 4.5 shows that there is little difference in raw sewage concentrations at times of high and 
low DWF, with median concentrations typically within the same order of magnitude. The 
exception to this is the E.coli and enterococci concentrations which are one order of magnitude 
higher at high DWF than at low DWF. For most metals, median concentrations are highest at 
high DWF, except for arsenic and boron. Levels of cadmium and lead were the same at high and 
low DWF. For other contaminants, concentrations are also higher at high DWF, including total 
dissolved solids, orthophosphate, phosphorus, nitrogen and ammonia. Those contaminants in 
Table 4.5 which report a censored value at high DWF also do so for low DWF (due to 100% of 
data at both sewer flows being censored). Therefore, there is no way of knowing whether the 
concentration is highest at low or high DWF. Given that concentrations at high DWF are mostly 
higher than at low DWF, concentrations at these two times can be used to represent a worst and 
best-case estimate, keeping in mind that, except for E.coli and enterococci, the difference 
between them appears to be minimal.  
 
To confirm measured raw sewage concentrations were in the range expected from domestic 
sources, the median concentrations in Table 4.5 were checked to see if they fell within the 
minimum and maximum raw sewage concentrations presented in Connor and Wilkie (1995), a 
key study in characterising contributions of domestic sources to levels in Melbourne’s sewage. 
The results presented in Table C1 in Appendix C show that contaminant concentrations are 
within these minimum and maximum values, with the exception of lead, which is just below the 
minimum value recorded by Connor and Wilkie (1995). 
 
4.5 An Overview of Summarised In-stream Ambient and Wet Weather without Sewer 
Overflow Data Presented in this Chapter 
 
Detailed summary statistics of ambient in-stream data are provided in Tables B1 to B4 and a 
summary of these is provided in the figures presented in Sections 4.7 to 4.9. As already 
mentioned, only one storm event without sewer overflow could be sampled and summary 
statistics have not been calculated. Instead, plots of data from this one event are presented in 
Sections 4.7 to 4.9. Each figure of in-stream ambient and wet weather concentrations presented 
in Sections 4.7 to 4.9 displays the results for the four sampling locations outlined in Chapter 3, 
including three sites in the MPC; one site downstream of FMC outlet into the creek and two 
control sites upstream of the FMC outlet (designated upstream-1 and upstream-2). The final site 
is in the FMC itself. During wet weather at the usptream-1 site, manual sampling was conducted 
because there was no automatic sampler at this site and samples were taken at 24 and 48 hours 
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after the storm. For safety reasons, earlier samples could not be collected at the upstream-1 
site. 
 
A comparison of ambient concentrations with water quality (WQ) objectives is undertaken to 
reveal the low flow conditions prior to sewer overflow and stormwater run-off. Furthermore, a 
comparison is made between wet weather or storm event concentrations and WQ objectives to 
give an initial indication of the likely impact of stormwater run-off on the water quality of the MPC 
prior to sewer overflow. A comparison of in-stream wet weather concentrations and ambient 
concentrations is also made, which provides information on the impact of stormwater based on 
the specific conditions at the site, which may or may not already meet WQ objectives. The 
impact of stormwater run-off may be considered less severe where ambient levels already 
exceed the objective.  
 
As discussed in Chapter 3, ambient and wet weather MPC samples were taken upstream and 
downstream of the FMC. In Sections 4.7 to 4.9 the difference in upstream and downstream 
levels during ambient conditions is compared with the difference after the storm event. If the 
difference in upstream and downstream concentrations is greater after the event, and 
concentrations downstream are greater than upstream, this may indicate an impact from the 
FMC stormwater run-off over and above what is occurring upstream. As mentioned in Chapter 3, 
upstream sites represent a control site for the discharge from the FMC. However, there are 
many other similar stormwater sources and other inputs upstream. It is therefore likely that 
concentrations in the FMC stormwater run-off would need to be extreme to register any impact. 
Furthermore, due to a lack of wet weather sampling events, a purely descriptive rather than 
statistical inference is drawn.  
 
As outlined in Chapter 3, samples from the FMC and MPC were taken up to 48 hours following 
the storm event without sewer overflow. Therefore, for the storm event the change in 
concentrations over time is also discussed in Sections 4.7 to 4.9, giving an indication of the 
period of time concentrations were above WQ objectives and if there was evidence of a return to 
ambient concentrations. A return to ambient levels may indicate that the storm event is not likely 
to result in sustained higher concentrations. This also highlights the implications of using WQ 
objectives, which are strictly for ambient or chronic sustained exposure, for pulse pollution such 
as storm events. Furthermore, the longer the contaminants in the waterway exceed safe levels, 
the more likely it is for toxic effects to result as a consequence of the storm event, particularly if 
ambient concentrations were already below WQ objectives.  
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4.6 Choice of Water Quality Objectives for Comparison with In-stream Ambient and Wet 
Weather without Sewer Overflow Data 
 
In comparing in-stream ambient and wet weather without sewer overflow concentrations with 
WQ objectives, ideally guidelines which take into account local conditions should be used 
(ANZECC and ARMCANZ, 2000a). Therefore, WQ objectives in the State Environment 
Protection Policy (Waters of Victoria, 2003) (SEPP WoV, 2003)- Schedule F7. Waters of the 
Yarra Catchment are used, which have been developed to include and directly apply to the 
MPC. The SEPP (WoV, 2003) WQ objectives are based on the Australian New and Zealand 
Guidelines for Fresh and Marine Water Quality (2000) (ANZECC), but have been amended to 
account for local conditions where required. SEPP (WoV, 2003) and ANZECC microbiological 
WQ objectives are based on the World Health Organisation (WHO) Guidelines for Safe 
Recreational Water Environments (2003). 
 
As suggested in the SEPP (WoV, 2003), where there is no environmental objective provided in 
the policy, ANZECC default concentrations are referred to. Where ANZECC WQ objectives or 
trigger values are used for toxicants, they are based on 95% protection of species which was 
considered appropriate for ecosystems classified as slightly to moderately disturbed, which is 
representative of the MPC. For some metals, only low reliability trigger values reported in 
ANZECC were available as a WQ objective. As there were fewer appropriate biological effects 
data to derive these trigger values, larger assessment factors were used to account for greater 
uncertainty. As a result values are likely to be conservative (ANZECC and ARMCANZ, 2000a). 
Therefore, until more data become available these are considered interim working levels only. 
 
The WQ objectives in the SEPP (WoV, 2003) are set at a level which protects the most sensitive 
use, which are commonly aquatic ecosystems. By protecting the most sensitive use, the other 
beneficial uses are indirectly protected by the WQ objective. Likewise, the ANZECC guidelines 
are based on the protection of aquatic ecosystems as these are generally the most sensitive and 
will therefore typically have the most stringent levels. Water quality guidelines often require a 
particular percentile of the data to be compared with the objective. For example, The SEPP 
(WoV, 2003) requires the median or 50th PCL of concentration data for microbiological 
contaminants to be below the respective objective. For metals, on the other hand, the 95th PCL 
of data is required to be below the objective (ANZECC and ARMCANZ, 2000a). This more 
stringent approach is advised because, unlike with other physio-chemical stressors, the metals 
objectives are based on biological effects data and exceedance of this value implies the 
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potential for ecological harm (ANZECC and ARMCANZ, 2000a). Where there is no specific 
requirement the median concentration is used for comparison.   
 
Microbiological guidelines in the SEPP (WoV, 2003) refer to recreational and secondary 
recreation. Therefore, recreational use and the respective WQ objective have been concentrated 
on rather than other waterway uses. In particular, a comparison with the primary recreation WQ 
objective, which is the most conservative of the two, is made. In general, most other beneficial 
uses allow higher levels than primary recreation, with the exception of irrigation where there is 
no restricted access, irrigation of human food crops and shell fishing water. 
 
In relation to the storm event, the SEPP (WoV, 2003) objectives and ANZECC trigger levels are 
designed for ambient or low flow conditions where there is long term exposure and therefore are 
likely to be conservative for pulse or intermittent events such as stormwater run-off (ANZECC 
and ARMCANZ, 2000a). 
 
A summary of WQ objectives is provided in Tables D1 to D3 in Appendix D. 
 
4.7 Presentation and Discussion of In-stream Ambient and Wet Weather without Sewer 
Overflow Microbiological Contaminants Data 
 
4.7.1 E.coli 
 
Figure 4.2 shows that for ambient conditions the downstream site has by far the highest levels of 
E.coli, with the median concentration above WQ objectives for primary recreation. The FMC has 
the second lowest median concentration of E.coli with the upstream-2 site having the lowest 
levels overall. The concentrations at the upstream sites are just above the WQ objective for 
primary recreation. The additional input of E.coli levels from the FMC may be adding to the 
higher levels of E.coli at the downstream site. It should be noted that, whilst the FMC site has a 
lower median concentration than the upstream-1 site, due to a greater range in concentrations, it 
has a significantly higher mean concentration (refer to summary statistics in Tables B2 and B3). 
 
Figure 4.3 shows the wet weather concentrations measured at the sampling sites up to 48 hours 
following the event. Figure 4.3 shows that, except for 1 hour following the event, where the 
upstream level is marginally more than the downstream site, downstream levels are higher by an 
order of magnitude at zero and four hours than the upstream levels. As ambient E.coli 
concentrations at the downstream site in Figure 4.2 are also higher by an order of magnitude 
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than upstream levels, this pattern may already exist during dry weather and is not necessarily a 
result of the stormwater run-off from the FMC during the storm event. Figure 4.3 also shows that 
during wet weather the higher concentrations are observed earlier in the event and slowly return 
to levels nearer to those for ambient conditions in Figure 4.2 as the time progresses to 24 hours 
and 48 hours.  
 
A comparison of Figure 4.2 and Figure 4.3 shows that all wet weather E.coli concentrations 
measured in the FMC and MPC are higher than the median ambient or low flow concentrations. 
They are higher at times by several orders of magnitude, suggesting that stormwater run-off 
provides a source of E.coli pollution to the stream, regardless of sewer overflow. Furthermore, all 
wet weather concentrations are well in excess of the SEPP (WoV, 2003) WQ objective for 
primary recreation.   
 
 
Figure 4.2 Ambient median E.coli concentrations in the FMC and MPC at sites upstream and 
downstream of the FMC  
 
4.7.2 Enterococci 
 
Figure 4.4 shows that the FMC site has the highest median concentration of enterococci, with 
the median concentration well above safe levels recommended for primary recreation. The 
downstream site was slightly higher than upstream levels with the median concentration above 
safe levels for primary recreation. The median concentration at both upstream sampling sites is 
slightly above the WQ objective for primary recreation. The FMC may be a source of increased 
enterococci concentrations at the downstream site.  
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Figure 4.3 E.coli concentrations measured over 48 hours following the wet weather without 
sewer overflow event 
 
 
Figure 4.4 Ambient median enterococci concentrations in the FMC and MPC at sites upstream 
and downstream of the FMC 
 
Figure 4.5 shows that levels in the FMC during the storm event are the lowest of all the sites. 
Furthermore, apart from concentrations at zero and 1 hours following the event, levels are higher 
at the downstream site, but not as significantly as was seen for E.coli. In addition, as 
downstream levels during ambient conditions in Figure 4.4 were also slightly higher than 
upstream levels, there is no clear evidence suggesting that stormwater run-off from the FMC 
during wet weather is significantly elevating the levels downstream. Finally, Figure 4.5 shows 
that, as the time progresses following the storm, the level of enterococci decreases, reaching the 
lowest concentration at 48 hours after the event. 
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Figure 4.5 Enterococci concentrations measured over 48 hours following the wet weather 
without sewer overflow event 
 
4.7.3 Microbiological Summary 
 
Measured wet weather concentrations are higher than ambient levels and WQ objectives, 
confirming stormwater run-off, regardless of whether there is a sewer overflow, as a significant 
contributor of microbiological contamination. However, the condition of the MPC in relation to 
faecal indicators at ambient low flow is also quite poor, particularly at the downstream site, which 
may be impacted by levels from the FMC during dry weather. Ambient concentrations of E.coli 
and enterococci at both upstream and downstream sites exceed safe levels for primary 
recreation.  
 
It is inconclusive whether FMC discharge during wet weather impacts on the MPC water quality 
downstream over and above what is occurring upstream. Concentrations at certain times during 
the event were greater at the downstream site, particularly for E.coli. However, at other times 
they were not. Furthermore, existing ambient levels were already greater at the downstream site, 
which suggests there is a source of contamination apart from the FMC discharge during wet 
weather.  
 
Wet weather without sewer overflow results showed that, as the time progresses following the 
storm, the concentrations of E.coli and enterococci decreases, reaching the lowest concentration 
at 48 hours after the event.  
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4.8 Presentation and Discussion of In-stream Ambient and Wet Weather without Sewer 
Overflow Ecosystem Health Contaminants Data 
 
4.8.1 Total phosphorous 
 
Figure 4.6 below shows that the concentration of phosphorous is highest at the FMC site, with 
the median concentration above the WQ objective. All other sites have median concentrations 
below WQ objectives. Median phosphorous concentrations at the upstream-1 site are slightly 
higher than at the downstream site, and at the upstream-2 and downstream site are the same. 
 
Figure 4.7 shows that at 0 and 48 hours following the storm event, the downstream 
concentration is highest but at all other times upstream concentrations are above downstream 
levels. Therefore, there is no obvious pattern showing FMC phosphorous concentrations during 
wet weather increasing downstream levels. The levels in the FMC are similar to in-stream levels 
in the MPC. All concentrations measured at 48 hours after the storm are the lowest of the event, 
indicating that the concentration will eventually reduce to ambient levels but this reduction may 
take longer than was seen for the microbiological contaminants. 
 
 
Figure 4.6 Ambient median total phosphorous concentrations in the FMC and MPC at sites 
upstream and downstream of the FMC 
 
A comparison of Figures 4.6 and 4.7 shows that all wet weather total phosphorous 
concentrations are above ambient levels and WQ objectives, indicating that stormwater run-off 
will contribute to the total phosphorous levels at the site, regardless of sewer overflow. Ambient 
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concentrations in the MPC (shown in Figure 4.6) were in fact below the WQ objective, whereas 
following the storm event the objective was exceeded. 
 
 
Figure 4.7 Total phosphorous concentrations measured over 48 hours following the wet weather 
without sewer overflow event 
 
4.8.2 Orthophosphate 
 
Orthophosphate is a more accurate indicator of impacts from phosphorous as it is the amount of 
total phosphorous available to aquatic organisms. Therefore, whilst total phosphorous 
concentrations during ambient conditions in Figure 4.6 are below WQ objectives, it is important 
to note that Figure 4.8 shows that the concentration of orthophosphate at all sites is higher than 
the WQ objective. Similar concentrations were observed for all sites, with a slightly higher 
concentration at the FMC site followed by the upstream-1 site. The upstream-2 site had the 
same concentration as the downstream site. 
 
Figure 4.9 shows that all wet weather concentrations are above the WQ objective. There is not 
much variation in orthophosphate concentrations at the FMC site in relation to time, when 
compared with the sites in the MPC. Some concentrations in the FMC, particularly at 24 hours, 
are notably lower than the MPC levels. Apart from concentrations at 4 hours and 48 hours, the 
wet weather upstream concentrations are higher than the downstream site. Therefore, there is 
no indication that the FMC discharge during the wet weather event is increasing levels 
downstream above those upstream. There is also no clear pattern of orthophosphate 
concentrations increasing or decreasing with time. Rather, concentrations first increase with time 
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and then return to levels similar to those at the beginning of the sampling period. Concentrations 
of orthophosphate are still above the WQ objective after 48 hours. However the ambient 
concentrations are also above the WQ objective, as shown in Figure 4.8.  
 
 
Figure. 4.8 Ambient median orthophosphate concentrations in the FMC and MPC at sites 
upstream and downstream of the FMC 
 
 
Figure 4.9 Orthophosphate concentration measured over 48 hours following the wet weather 
without sewer overflow event  
 
A comparison of Figures 4.8 and 4.9 shows that all wet weather orthophosphate concentrations 
in the MPC exceed ambient levels for the entire 48 hours. In the FMC, the 24 hour wet weather 
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concentration is below the ambient concentration and the levels at 4 hours and 2 hours are the 
same as the ambient concentration. Hence, stormwater contributes considerably to 
orthophosphate concentrations without sewer overflow. However, its impact may be less severe, 
since the ambient concentrations are already above the objective. 
 
4.8.3 Total Nitrogen  
 
Figure 4.10 shows that the concentration of nitrogen at the upstream sites was highest, although 
only slightly, with levels equal to the WQ objective. Concentrations at the downstream and FMC 
site were just below the WQ objective. The FMC site had the lowest median concentration. 
 
Figure 4.11 shows that wet weather concentrations of total nitrogen exceed the WQ objective for 
some of the time at the MPC sites, and for the entire 48 hours at the FMC site. Figure 4.11 also 
shows that most wet weather concentrations are higher at the downstream site than at upstream 
sites, except for at 1 hours and 2 hours, although only marginally. Except for the 48 hour 
concentration, the wet weather levels were highest at the FMC site and levels may have been 
slightly higher at the downstream site based on the FMC discharge. However, there is no 
significant increase at the downstream site to confirm this.  
 
Figure 4.11 shows no obvious pattern relating to the time of the wet weather sample. The 24 
hour concentrations appears to be the lowest at all sites, except in the FMC However, the 
proceeding 48 hour concentration was higher and exceeded WQ objectives. 
 
A comparison of Figures 4.10 and 4.11 shows that only the 2 hour and 4 hour wet weather 
concentrations exceed the ambient concentration at the upstream-2 site. All other wet weather 
concentrations at the upstream sites are either the same as or lower than the ambient 
concentration. The ambient concentration at the downstream site is less than all wet weather 
concentrations, except the 24 hour and 2 hour concentrations. All wet weather concentrations at 
the FMC site exceed ambient levels. Therefore, since wet weather concentrations for some of 
the time are above ambient levels and also exceed the WQ objective where ambient levels did 
not, this confirms that wet weather pollution without sewer overflow contributes to increased 
levels of total nitrogen and subsequent impacts.   
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Figure 4.10 Ambient median total nitrogen concentrations in the FMC and MPC at sites 
upstream and downstream of the FMC 
 
 
Figure 4.11. Total nitrogen concentrations measured over 48 hours following the wet weather 
without sewer overflow event 
 
4.8.4 Ammonia 
 
Figure 4.12 shows that median ammonia concentrations are highest at the upstream-1 site, 
followed by the FMC site. The downstream site has the lowest concentration. Only the 
upstream-1 and FMC sites have ammonia concentrations above the WQ objective. It should be 
noted that, whilst the FMC site has a lower median concentration than the upstream-1 site, due 
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to a greater range in concentrations, it has a higher mean concentration (refer to summary 
statistics in Tables B2 and B3). 
 
Figure 4.13 shows that during wet weather the downstream site had significantly higher levels at 
24 hours than both upstream sites, whereas the reverse was true during ambient conditions. At 
other times however, levels were similar at all sites. Therefore, overall it would appear that the 
FMC discharge during the event is not significantly elevating downstream concentrations. 
However, up to 4 hours after the event, all concentrations were reported as a censored value. It 
is therefore not possible to tell which site had a higher concentration. As the time proceeds, the 
level of ammonia increases, with the highest wet weather concentrations measured at 24 hours 
and 48 hours. This is different to many of the other contaminants and may indicate that some 
dilution is occurring earlier when flows in the MPC are highest. All wet weather concentrations 
are below the WQ objective. 
 
A comparison of Figures 4.12 and 4.13 shows that median ambient concentrations are higher 
than during wet weather at all sites, with the exception of the downstream site. Wet weather 
concentrations at 24 hours and 48 hours are higher than ambient concentrations at the 
downstream sites. Ambient concentrations may be higher than during wet weather due to the 
dilution of ammonia during the storm event.  
 
 
Figure 4.12 Ambient median ammonia concentrations in the FMC and MPC at sites upstream 
and downstream of the FMC 
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Figure 4.13 Ammonia concentrations measured over 48 hours following the wet weather without 
sewer overflow event (up to four hours all data is censored (DL 0.01)) 
 
4.8.5 Nitrite 
 
Figure 4.14 below shows that the maximum nitrite concentrations for upstream and downstream 
sites are the same. As discussed in Section 4.3.1, a median concentration could not be 
calculated where more than 50% of data were censored.  In this instance, 67% of nitrite data for 
the MPC sites were censored (refer to Tables B1, B3 and B4), and the maximum concentration 
recorded was the only uncensored value. The FMC median concentration is the highest of all 
sites. All concentrations are well below the ANZECC trigger level or WQ objective which is to 
protect recreational users, as there was no WQ objective given for the protection of the 
ecosystem. 
 
Figure 4.15 shows that all wet weather concentrations are below the WQ objective. 
Concentrations at the FMC site are considerably higher than the MPC sites, but concentrations 
at the upstream and downstream sites are the same. Therefore, whilst the FMC concentrations 
would be adding to in-stream levels, this may not be sufficient to increase concentrations above 
upstream levels. As time passes nitrite levels decrease with 24 hour and 48 hour concentrations. 
 
A comparison of Figures 4.14 and 4.15 shows that all wet weather concentrations are higher 
than ambient levels, except at 24 hours and 48 hours, where the wet weather levels appear to 
be returning to ambient concentrations.   
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Figure 4.14 Ambient median nitrite concentrations in the FMC and maximum nitrite 
concentrations at the MPC sites (MPC sites include those upstream and downstream of the 
FMC)  
 
 
Figure 4.15. Nitrite concentrations measured over 48 hours following the wet weather without 
sewer overflow event (with the exception of the FMC site, all 48 hour concentrations are 
censored (DL=0.01))  
 
4.8.6 Nitrate  
 
Tables B3 and B4 show that 100% of nitrate data were censored at the upstream sites with a 
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censored value at the upstream sites was the lowest of all the sites and was also well below the 
WQ objective. The censored value is indicated on the graph by the bar not being filled. The 
downstream site had by far the highest median nitrate concentration, followed by the FMC site. 
However, both were below the WQ objective. It is possible that the FMC site may be adding to 
downstream levels. As was the case for ammonia, whilst the FMC site has a lower median 
concentration than the downstream site, due to a greater range in concentrations, it has a higher 
mean concentration (refer to summary statistics in Tables B1 and B2).  
 
Figure 4.17 shows that the wet weather FMC concentrations were highest overall and exceeded 
the WQ objective at 4, 24 and 48 hours. Levels in the MPC were below the WQ objective, except 
at 4 hours after the storm at the upstream-2 site. Overall concentrations at the upstream and 
downstream sites were similar, despite levels at the downstream site being considerably higher 
than upstream levels during ambient conditions. Therefore, despite the FMC site having the 
highest concentrations, overall there was no indication that wet weather discharge from the FMC 
was elevating concentrations at the downstream site over and above concentrations at the 
upstream sites. As time proceeds, the concentration increases but then at 24 and 48 hours 
returns to levels measured earlier.   
 
A comparison of Figures 4.16 and 4.17 shows that wet weather concentrations of nitrate are 
much higher than ambient levels at all sites. This indicates that regardless of sewer overflow, 
wet weather will contribute to increased levels in the stream. However, levels are not likely to 
exceed WQ objectives in the MPC for an extended period, if at all.    
 
 
Figure 4.16 Nitrate concentrations in the FMC and MPC at sites upstream and downstream of 
the FMC (concentrations at upstream sites are censored (DL=0.01)) 
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Figure 4.17 Nitrate concentrations measured over 48 hours following the wet weather without 
sewer overflow event  
 
4.8.7 Electrical conductivity 
 
Figure 4.18 shows that the electrical conductivity (EC) in the FMC was quite low and well below 
the EC in the MPC, at sites both upstream and downstream of the FMC. The downstream and 
upstream sites had very similar EC levels and were all well above the WQ objectives.  
 
Figure 4.19 below shows that the wet weather upstream levels in the MPC were either the same 
as or higher than the levels at the downstream site. The FMC site had the lowest EC overall of 
the sites and there was no indication that discharge from the FMC site were increasing 
downstream levels. Levels at the upstream and downstream sites after 2 hours following the 
event were above the WQ objective. The very low levels of EC early after the storm indicate that 
there was a strong dilution effect for EC, which has also been reported in the literature (ANZECC 
and ARMCANZ, 2000a). 
 
A comparison of Figures 4.18 and 4.19 shows that, except for the FMC, ambient levels were 
much higher than wet weather concentrations, which is most likely due to a dilution effect for EC, 
which was shown most clearly early following the event in Figure 4.19.  
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Figure 4.18 Ambient 75th percentile electrical conductivity levels in the FMC and  
MPC at sites upstream and downstream of the FMC 
 
 
Figure 4.19 Electrical conductivity levels measured over 48 hours following the wet weather 
without sewer overflow event  
 
4.8.8 pH 
 
Figure 4.20 shows that the pH levels in the FMC were lower than those in the MPC and within 
the range required by the WQ objective. Both the upstream and the downstream MPC sites were 
slightly higher than the WQ objective and were very similar to each other. 
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Figure 4.21 shows that during wet weather, pH levels are lower early on and as time progresses 
levels increase. Upstream and downstream levels were very similar and it appeared that the 4, 
24 and 48 hour concentrations were returning to the higher ambient level. There was very little 
variation between pH levels at the different times when compared with other contaminants. For 
the storm event, pH levels are lower than the ambient levels in Figure 4.20 and are within the 
range required by the WQ objective.   
 
 
Figure 4.20 Ambient median pH levels in the FMC and MPC at sites upstream and downstream 
of the FMC 
 
 
Figure 4.21 pH levels measured over 48 hours following the wet weather without sewer overflow 
event 
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4.8.9 Total suspended solids 
 
Figure 4.22 shows that the level of total suspended solids (TSS) is slightly higher at the FMC site 
than the other sites, but still below the WQ objective. The median level of TSS at the upstream 
sites is higher than the concentration at the downstream site. 
 
Figure 4.23 below shows that most wet weather concentrations measured at the MPC sites were 
below the WQ objective, except at 0, 1 and 2 hours at both or either the downstream and the 
upstream-2 sites. As time passes, levels in the FMC decrease and are below the WQ objective 
within 4 hours after the event. The downstream concentration at 0 hours after the storm event is 
significantly higher than upstream levels whereas the reverse is true during ambient conditions. 
As levels later drop below or are similar to upstream levels, it is not conclusive that FMC 
discharge during wet weather (overall) increases downstream levels.   
 
A comparison of Figures 4.22 and 4.23 shows that all wet weather concentrations of TSS were 
greater than ambient levels. The turbid appearance of the water was also observed during the 
storm event. As it is well documented that during wet weather re-suspension of materials occurs 
due to increased flows (Walsh et al., 2004), these results are not surprising. Furthermore, the 
results confirm that without a sewer overflow the wet weather or stormwater run-off increased 
total suspended solids. It is also important to note that impacts may be lessened due to levels 
dropping below the WQ objective within 4 hours after the event.   
 
 
Figure 4.22 Ambient median total suspended solids concentration in the FMC and MPC at sites 
upstream and downstream of the FMC 
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Figure 4.23. Concentration of total suspended solids measured over 48 hours following the wet 
weather without sewer overflow event 
 
4.8.10 Ecosystem health summary 
 
Wet weather concentrations for most contaminants including total phosphorous, orthophosphate, 
total nitrogen, nitrite, nitrate and total suspended solids exceeded ambient concentrations, either 
at all times or for at least some of the time. This indicates that wet weather and therefore 
stormwater will contribute to increased levels of these contaminants at the study site even 
without sewer overflow. Of these contaminants, those which also exceeded WQ objectives 
included total phosphorous, orthophosphate, total nitrogen (for most of the time), nitrate (at 4 
hours only), and total suspended solids (for some of the time), thus indicating a potential impact 
on the MPC from these contaminants as a result of the storm event. Only total phosphorous and 
orthophosphate levels remained above WQ objectives and ambient levels for the entire 48 hours 
following the storm event. This confirms stormwater as a significant contributor of phosphorous 
contamination, probably to a greater extent than any of the ecosystem health contaminants 
which were measured. In relation to total phosphorous, ambient concentrations of the bio-
available form, orthophosphate, which is a more accurate indicator of impacts from 
phosphorous, also exceeded safe levels. Therefore, despite the significant contribution of 
phosphorous from the storm event, the impact from increased total phosphorus and 
orthophosphate as a result of the storm event is likely to be less severe.   
 
Ammonia (except at the downstream site), EC and pH levels actually decreased below ambient 
concentrations following the storm event, which for ammonia and EC was most likely because of 
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a dilution effect. Furthermore, the ambient levels for ammonia (at some sites), EC and pH 
showed that they did not comply with WQ objectives, whereas wet weather levels for at least 
some of the time did. Therefore, based on these results stormwater run-off will not impact 
significantly on receiving waters as a result of these three water quality indicators. On the other 
hand, prior to storm events both with and without sewer overflow ammonia concentrations and 
pH and EC levels are a concern during ambient conditions.   
 
There was no significant indication that the contribution of contaminants from the FMC was 
increasing downstream levels above upstream levels following the storm event. When 
downstream levels were above upstream, it was usually by only a small amount and/or for some 
of the time the upstream concentrations were above those at the downstream site. During 
ambient conditions, concentrations at upstream and downstream sites were also quite similar for 
most contaminants. For ammonia and TSS, ambient levels before the storm event were lower at 
the downstream site than the upstream site and after the event were significantly higher at the 
downstream site, albeit only briefly. At other times wet weather levels of ammonia and TSS at 
the downstream site were below or the same as levels at the upstream sites. Therefore, along 
with the other contaminants, it was not conclusive that the stormwater run-off from the FMC 
overall was increasing downstream levels of TSS and ammonia above upstream levels. This 
result was not unexpected, as significant dilution of FMC discharge would occur in the MPC 
during wet weather and there are many upstream pollution inputs. Hence, the pollution in the 
FMC would need to be severe to show a notable increase above background levels.   
 
The concentration did not show any obvious pattern in relation to the time that wet weather 
samples were taken. However, for some contaminants the concentration seemed to be returning 
to ambient levels at 24 and/or 48 hours. This included total phosphorous, ammonia, nitrite, and 
pH. This pattern was not as obvious as with the microbiological contaminants. For those 
contaminants that did start to return to ambient levels, the limitation of comparing a pulse event 
such as a storm event with WQ objectives designed for long-term sustained exposures as would 
be experienced at base flow is highlighted.   
 
4.9 Presentation and Discussion of In-stream Ambient and Wet Weather without Sewer 
Overflow Metals Data  
 
Dissolved metal concentrations rather than total metals were measured for the storm event as 
they provide a more accurate idea of the portion of metals that will affect aquatic life (ANZECC 
and ARMCANZ, 2000a), whereas for ambient conditions, total metals were measured. The 
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reason was that dissolved concentrations from sewer overflow could not be accurately predicted 
(as presented in Chapter 6) and it was important that ambient levels could be directly compared 
with simulated sewer overflow levels. 
 
As ambient conditions measure the total metals and the storm event the dissolved portion, it is 
more difficult to obtain useful information from a comparison of concentrations between these 
two conditions. For example, dissolved concentrations are less than the total portion or 
concentration of the metal. Therefore, where wet weather concentrations are below those during 
ambient conditions this may be because wet weather concentrations are a measure of the 
dissolved fraction. Hence, the possibility remains that the total metal concentration during the 
storm event is higher than the ambient concentrations. On the other hand, where dissolved 
metal wet weather concentrations are the same or exceed ambient levels, there is little doubt 
that concentrations during wet weather are actually higher.    
 
Caution should also be exercised in comparing levels at upstream and downstream sites to 
determine the impact of the FMC stormwater discharge on the creek during ambient conditions 
(before the event) and wet weather conditions (after the event). The change in concentration at a 
site may not be simply due to the storm event, but the dissolved metal may behave differently to 
the total portion measured during ambient conditions. Furthermore, other factors may also affect 
the dissolved levels. For example, the level of TSS is a key factor in the bio-availability of metals 
to biota in the water column and changes in pH over a particular range may affect metal 
solubility, both of which will change between the ambient and wet weather conditions (USEPA, 
1996a). 
 
Due to budgetary constraints, wet weather samples for metal contaminants were sampled less 
frequently than other contaminants. This included at 1, 4, and 48 hours at the downstream, 
upstream-2 and FMC site. As mentioned earlier In Section 4.5, at the usptream-1 site manual 
sampling was conducted because there was no automatic sampler at this site with a sample 
taken at 24 and 48 hours after the storm. For safety reasons, earlier samples could not be 
collected at the upstream-1 site. 
 
The following section presents the ambient concentrations for the metals sampled over a 12 
month period. Plots of concentrations resulting from the storm event for these same metals are 
also presented and discussed.   
  
111 
4.9.1 Arsenic 
 
Ambient arsenic concentrations in Table 4.6 were very similar at all sites with basically no 
difference between levels at upstream and downstream sites. Concentrations at all sites are 
below the WQ objective.  
 
Figure 4.24 below shows that during wet weather all arsenic concentrations were well below WQ 
objectives. Upstream and downstream concentrations were very similar, as was the case during 
ambient conditions and levels in the FMC are only slightly higher than those in the MPC. The 48 
hour concentration was the lowest at all the MPC sites. However, the 48 hour concentration was 
highest in the FMC. This may indicate that the earlier levels in the MPC are elevated following 
the event and drop off as conditions return to low flow.  
 
Table 4.6 Arsenic concentrations during ambient conditions  
Contaminant 
Water quality 
objective 
mg/L 
Downstream 
95th PCL 
mg/L 
FMC 
95th PCL 
mg/L 
Upstream-1 
95th PCL 
mg/L 
Upstream-2 
95th PCL 
mg/L 
Arsenic 0.05 0.003 0.0029 0.003 0.0029 
 
 
 
Figure 4.24 Arsenic concentrations measured over 48 hours following the wet weather without 
sewer overflow event 
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4.9.2 Copper  
 
Table 4.7 shows that the 95th PCL concentration of copper is highest at the upstream-2 site and 
lowest at the FMC site. All concentrations at the upstream-1 site were censored. Therefore, as 
discussed in Section 4.3.1, a maximum and minimum censored value is recorded instead in 
Table 4.7. The maximum detection limit is higher than the FMC and downstream site and it is 
therefore not possible to draw conclusions on whether levels at this site were higher or lower 
than concentrations at the downstream site. Concentrations at the downstream, FMC and 
usptream-2 site exceed the WQ objective.   
 
Table 4.7 Copper concentrations during ambient conditions  
Contaminant 
Water quality 
objective  
mg/L 
Downstream 
95th PCL 
mg/L 
FMC 
95th PCL 
mg/L 
Upstream-1 
Min and max 
Upstream-2 
95th PCL 
mg/L 
Copper 0.002 0.009 0.006 <0.001- <0.01 0.01 
 
Figure 4.25 below shows that all wet weather copper concentrations were at or above the WQ 
objective. The ambient median concentration in Table 4.7 is also above safe levels. However, 
the ambient level was based on the total metals rather than the bio-available form. The FMC wet 
weather dissolved concentration was above the ambient level. Despite this, the impact of the 
storm event is likely to be less significant given the existing conditions. The levels for 1 hour and 
4 hour samples are below the 48 hour concentration. This is different to the pattern observed for 
other metals, where the 48 hour concentration was often lowest or between the earlier 
concentrations. This could be due to an early dilution effect, or the storm event has contributed 
to increased ambient concentrations. The downstream and upstream sites had similar levels.  
 
4.9.3 Nickel  
 
Table 4.8 shows that during ambient conditions all concentrations were the same at the four 
sites and below the WQ objective 
 
Figure 4.26 below shows that nickel concentrations at all sites during wet weather are well below 
the WQ objective. Concentrations of nickel measured at 48 hours following the storm event were 
the highest at all sites, but only slightly, with the FMC site having the highest of these 48 hour 
levels. The concentration of nickel measured at 24 hours at the upstream-1 site was identical to  
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Figure 4.25 Copper concentrations measured over 48 hours following the wet weather without 
sewer overflow event  
 
Table 4.8 Nickel concentrations during ambient conditions  
Contaminant 
Water quality 
objective 
mg/L 
Downstream 
95th PCL 
mg/L 
FMC 
95th PCL 
mg/L 
Upstream-1 
95th PCL 
mg/L 
Upstream-2 
95th PCL 
mg/L 
Nickel 0.015 0.004 0.004 0.004 0.004 
 
 
 
Figure 4.26 Nickel concentrations measured over 48 hours following the wet weather without 
sewer overflow event  
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the 48 hour concentration measured at this site. Upstream-2 and downstream concentrations 
were almost identical. 
 
4.9.4 Zinc 
 
Table 4.9 shows that during ambient conditions, the concentration of zinc was highest at the 
FMC site, followed by the upstream-1 site. The upstream-2 and downstream site had very 
similar levels of zinc. All sites exceeded WQ objectives for zinc. 
 
Figure 4.27 below shows that all wet weather concentrations are above the WQ objective. 
Ambient levels in Table 4.9 were also above safe levels. However, ambient MPC concentrations 
were lower than wet weather levels (with the exception of the concentration at the upstream-1 
site at 48 hours), despite being a measure of total rather than dissolved metals. This indicates 
that wet weather is contributing to zinc concentrations in the MPC over and above ambient 
levels. Except at the FMC site, wet weather concentrations appear to be decreasing with time, 
which may indicate a return to lower ambient levels as low flows return. During wet weather 
conditions, although FMC concentrations are highest overall, downstream levels are not higher 
than concentrations upstream, but are actually very similar.   
 
Table 4.9 Zinc concentrations during ambient conditions  
Contaminant 
Water quality 
objective 
mg/L 
Downstream 
95th PCL 
mg/L 
FMC 
95th PCL 
mg/L 
Upstream-1 
95th PCL 
mg/L 
Upstream-2 
95th PCL 
mg/L 
Zinc 0.005 0.0257 0.0899 0.0356 0.027 
 
4.9.5 Chromium, Cadmium, Mercury and Lead 
 
For chromium, cadmium, mercury and lead, which were sampled over 12 months during ambient 
or low flow conditions, more than 50% of data were censored at all sites. Therefore, as 
discussed in Section 4.3.1, summary statistics could not be provided. Rather, where there are 
multiple detection limits, minimum and maximum censored values are provided in Tables B1 to 
B2, which are shown in Table 4.10 below. The WQ objective for each of these contaminants is 
also provided in Table 4.10. 
 
115 
 
Figure 4.27 Zinc concentrations measured over 48 hours following the wet weather without 
sewer overflow event  
 
Table 4.10 Ambient minimum and maximum censored metal concentrations at the FMC and 
MPC sites  
Contaminants 
Water quality 
objective 
mg/L 
Downstream 
95th PCL 
mg/L 
FMC 
95th PCL 
mg/L 
Upstream-1 
95th PCL 
mg/L 
Upstream-2 
95th PCL 
mg/L 
Cadmium* 0.0002 
<0.0002 -
<0.001 
<0.0002 -
<0.001 
<0.0002 -
<0.001 
<0.0002 -
<0.001 
Chromium 0.01 <0.001- <0.01 <0.001- <0.01 <0.001- <0.01 <0.001- <0.01 
Lead* 0.001 <0.001- <0.01 <0.001- <0.01 <0.001- <0.01 <0.001-<0.01 
Mercury* 0.00005 
<0.0001- 
<0.001 
<0.0001- 
<0.001 
<0.0001- 
<0.001 
<0.0001- 
<0.001 
 
Chromium 
 
All chromium concentrations were censored and a range of the maximum and minimum 
censored values is provided in Table 4.10. As the maximum detection limit was below the WQ 
objective, it is clear that ambient concentrations at all sites are below safe levels. 
 
Figure 4.28 also shows that all chromium concentrations were well below safe levels during wet 
weather. Upstream, downstream and FMC concentrations were very similar. The lowest level 
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
1 4 24 48
Z
n
 m
g
/L
Time (hours)
Downstream
FMC
Upstream-1
Upstream-2
WQ objective
116 
was recorded at 48 hours after the event. This may indicate an initial elevation of wet weather 
concentrations, which then drop as ambient or low flow conditions return in the stream. 
 
  
Figure 4.28 Chromium concentrations measured over 48 hours following the wet weather 
without sewer overflow event (48 hour concentration at downstream site is censored 
(DL=0.001)) 
 
Cadmium and Mercury 
 
Table 4.10 shows that for cadmium the minimum censored value is below the WQ objective. 
However, the maximum censored value is above the objective. Therefore, it is unclear whether 
all cadmium concentrations are below the objective. For mercury, both minimum and maximum 
detection limits are above the WQ objective and it is therefore not clear whether levels are above 
or below the objective. 
 
Table 4.11 shows wet weather concentrations for cadmium and mercury are also 100% 
censored values. For cadmium the censored values are below the WQ objective and it would 
seem therefore that wet weather concentrations are not adversely impacting on water quality 
relative to cadmium. For mercury however, the censored value is above the safe level. 
Therefore, it is unclear whether mercury concentrations are below the objective.  
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Table 4.11 Censored mercury and cadmium concentrations for the entire 48 hours following the 
wet weather without sewer overflow event 
Contaminants 
WQ objective 
mg/L 
Downstream 
mg/L 
FMC 
mg/L 
Upstream-1 
mg/L 
Upstream-2 
mg/L 
Cadmium 0.0002 <0.0002 <0.0002 <0.0002 <0.0002 
Mercury 0.00005 <0.0001 <0.0001 <0.0001 <0.0001 
 
Lead 
 
Table 4.10 shows the minimum censored value for lead is below the WQ objective. However, the 
maximum censored value is above the safe level. Therefore, there is no certainty that all lead 
concentrations are below the objective.  
 
Figure 4.29 shows that lead concentrations at 24 and 48 hours following the storm event were 
the highest and these were the only times at which concentrations exceeded safe levels. Figure 
4.29 also shows that downstream and upstream levels are identical. A comparison with ambient 
lead concentrations in Table 4.10 shows that wet weather concentrations were above minimum 
ambient levels, whereas the maximum ambient censored value in Table 4.10 is above wet 
weather concentrations. It is therefore not possible to know whether dissolved wet weather lead 
concentrations exceed the ambient total metal levels overall.   
 
 
Figure 4.29 Lead concentrations measured over 48 hours following the wet weather without 
sewer overflow event (at all sites, concentrations at 1 and 4 hours are censored (DL=0.001)) 
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4.9.6 Aluminium, Boron, Iron and Manganese 
 
As sampling for aluminium, boron, iron and manganese during low flow or ambient conditions 
was only done in autumn, summary statistics cannot be provided. In their place, the results of 
grab sample concentrations taken in autumn are presented in this section. Although less 
confidence can be placed in results from only one sampling event, they provide some indication 
of ambient concentrations. Plots of concentrations resulting from the wet weather without sewer 
overflow event for these same metals are also presented and discussed in this section.   
 
Aluminium 
 
Table 4.12 shows that levels of aluminium are highest at the FMC site, followed by the 
downstream site. Downstream levels were only marginally higher than upstream concentrations. 
However, the FMC site may be adding to downstream levels. Aluminium concentrations at all 
sites during ambient conditions were above the WQ objective. 
 
Figure 4.30 shows all wet weather concentrations of dissolved aluminium are above safe levels, 
except for the 4 hour concentrations. The FMC had the highest concentration at all times 
however the upstream and downstream levels were very similar. There was no obvious pattern 
with the change in time for MPC sites, which were all very similar.  
 
Ambient levels of total aluminium were a similar concentration to the wet weather dissolved 
concentrations, indicating that wet weather levels are most likely higher than during ambient 
conditions. Nevertheless, the fact that ambient concentrations are quite high and exceed 
objectives may lessen the impact of the wet weather contribution of aluminium.  
 
Table 4.12 Aluminium concentrations during ambient conditions (autumn sample only) 
Contaminants 
Water 
quality 
objective 
mg/L 
Downstream 
mg/L 
grab sample 
FMC 
mg/L 
grab sample 
Upstream-1 
mg/L 
grab sample 
Upstream-2 
mg/L 
grab sample 
Aluminium 0.1 0.386 0.84 0.303 0.27 
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Figure 4.30 Aluminium concentrations measured over 48 hours following the wet weather 
without sewer overflow event 
 
Boron 
 
Table 4.13 shows that the ambient concentration of boron was two orders of magnitude higher at 
the downstream site than at the upstream-1 site. All sites had levels well below the WQ 
objective. 
 
Figure 4.31 shows that all wet weather concentrations of boron were below the WQ objective, 
with the lowest concentration at the FMC site. Unlike for ambient conditions, there is very little 
difference between upstream and downstream sites. There was no obvious pattern associated 
with the time of the concentration, with the lowest MPC concentrations recorded at 1 hour after 
the event and the highest at 4 hours after the event.  
 
Table 4.13 Boron concentrations during ambient conditions (autumn sample only) 
Contaminants 
Water 
quality 
objective 
mg/L 
Downstream 
mg/L 
grab sample 
FMC 
mg/L 
grab sample 
Upstream-1 
mg/L 
grab sample 
Upstream-2 
mg/L 
grab sample 
Boron 0.37 0.14 0.01 0.06 0.006 
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Figure 4.31 Boron concentrations measured over 48 hours following the wet weather without 
sewer overflow event  
 
Iron 
 
Table 4.14 shows that the concentration of iron was by far the highest at the FMC site, followed 
by the downstream site during ambient conditions. The upstream sites had only slightly lower 
levels than the downstream site. Only the FMC site exceeded the WQ objective. 
 
Figure 4.32 below shows that all wet weather iron concentrations were below the WQ objective. 
The 48 hour iron concentration is the highest at all sites, being close to the total iron MPC 
concentration measured during ambient conditions. The FMC site has the highest levels at all 
times. Concentrations at the upstream and downstream sites were very similar.   
 
Table 4.14 Iron concentrations during ambient conditions (autumn sample only) 
Contaminants 
Water 
quality 
objective 
mg/L 
Downstream 
mg/L 
grab sample 
FMC 
mg/L 
grab sample 
Upstream-1 
mg/L 
grab sample 
Upstream-2 
mg/L 
grab sample 
Iron 1 0.536 1.266 0.48 0.416 
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Figure 4.32 Iron concentrations measured over 48 hours following the wet weather without 
sewer overflow event  
 
Manganese 
 
Table 4.15 shows that the ambient concentration of manganese were highest at the FMC site, 
followed by the downstream site. Concentrations at the downstream site were higher than the 
upstream sites. All concentrations were well below the WQ objective.  
 
Figure 4.33 shows that wet weather manganese concentrations at all sites are well below the 
WQ objective. As time passes, the concentration appears to increase with the lowest 
concentrations observed at 1 hour and the highest at 24 and 48 hours. This may be due to a 
dilution effect occurring early on after the storm. Although there is very little difference between 
upstream and downstream levels, the concentration at 48 hours at the downstream site is higher 
than upstream sites. This may be attributed to the much higher level recorded at the FMC site at 
48 hours. 
 
Table 4.15 Manganese concentrations during ambient conditions (autumn sample only) 
Contaminants 
Water 
quality 
objective 
mg/L 
Downstream 
mg/L 
grab sample 
FMC 
mg/L 
grab sample 
Upstream-1 
mg/L 
grab sample 
Upstream-2 
mg/L 
grab sample 
Manganese 1.9 0.0216 0.0303 0.0183 0.015 
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Figure 4.33 Manganese concentrations measured over 48 hours following the wet weather 
without sewer overflow event 
 
4.9.7 Antimony, Beryllium, Cobalt, Molybdenum, Selenium, Silver, Thallium, Tin and 
Vanadium  
 
The concentration for the remaining metals which were also only sampled in autumn were below 
the detection limit and reported as censored values. Similarly, for these same metals (except 
vanadium) concentrations measured during the storm event were totally or predominantly 
censored values. Table 4.16 and 4.17 list each of these metals and the corresponding detection 
limits for ambient and wet weather conditions respectively. For wet weather concentrations in 
Table 4.17 the censored value is the same at all times (0 hours through to 48 hours) measured 
after the storm event. For some metals in Table 4.17, including selenium, molybdenum and 
antimony, some detected values were reported at certain times and a range has been given to 
include these values. 
 
Table 4.16 shows that the detection limits for silver, beryllium, cobalt, tin and thallium were 
above the WQ objectives. Therefore, for these metals it is unclear whether they exceed the 
objective during ambient conditions. Concentrations of molybdenum, antimony, selenium and 
vanadium at all sites were below safe levels during ambient conditions.  
 
Figure 4.34 shows the concentration of vanadium measured during the wet weather without 
sewer overflow event, which unlike ambient vanadium concentrations were not reported as 
censored values. Vanadium concentrations upstream and downstream of the FMC are very 
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similar and concentrations at all sites are below the WQ objective. For the entire 48 hour period 
the levels in the MPC remain the same.   
 
Table 4.16 Ambient autumn censored metal concentrations at the FMC and MPC sites 
Contaminants 
Water 
quality 
objective 
mg/L 
Downstream 
mg/L 
grab sample 
FMC 
mg/L 
grab sample 
Upstream-1 
mg/L 
grab sample 
Upstream-2 
mg/L 
grab sample 
Antimony 0.009 <0.005 <0.005 <0.005 <0.005 
Beryllium 0.004 <0.005 <0.005 <0.005 <0.005 
Cobalt 0.0014 <0.005 <0.005 <0.005 <0.005 
Molybdenum 0.034 <0.005 <0.005 <0.005 <0.005 
Selenium 0.005 <0.005 <0.005 <0.005 <0.005 
Silver 0.0001 <0.005 <0.005 <0.005 <0.005 
Thallium 0.00003 <0.005 <0.005 <0.005 <0.005 
Tin 0.003 <0.005 <0.005 <0.005 <0.005 
Vanadium 0.006 <0.005 <0.005 <0.005 <0.005 
 
 
 
Figure 4.34 Vanadium concentrations measured over 48 hours following the wet weather without 
sewer overflow event 
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Table 4.17 shows that for all metals censored values are below the WQ objective during wet 
weather conditions (with the exception of thallium). Therefore, in relation to these contaminants 
in Table 4.17 it would seem that wet weather concentrations are not adversely impacting on the 
receiving water quality. The detection limit for thallium is above the WQ objective and it is 
therefore unclear whether the objective is exceeded. 
 
As mainly censored values are reported for the metals in Tables 4.16 and 4.17, it is difficult to 
draw conclusions regarding the difference between concentrations upstream and downstream of 
the FMC and at the varying times samples were taken.   
 
Table 4.17 Wet weather metal concentrations at FMC and MPC sites where all or the majority 
were reported as censored values 
Contaminants 
Water quality 
objective 
mg/L 
Downstream 
mg/L 
FMC 
mg/L 
Upstream-1 
mg/L 
Upstream-2  
mg/L 
Antimony 0.009 <0.001 <0.001-0.001 <0.001 <0.001 
Beryllium 0.004 <0.001 <0.001 <0.001 <0.001 
Cobalt 0.0014 <0.001 <0.001 <0.001 <0.001 
Molybdenum 0.034 <0.001 <0.001-0.002 <0.001 <0.001 
Selenium 0.005 <0.001-0.002 <0.001 0.001-0.003 0.001 
Silver 0.0001 <0.0001 
<0.0001-
0.0001 
<0.0001 <0.0001 
Tin 0.003 <0.001 <0.001 <0.001 <0.001 
Thallium 0.00003 <0.001 <0.001 <0.001 <0.001 
 
4.9.8 Metals summary  
 
Of all the metals examined, concentrations of only four exceeded WQ objectives in the MPC 
during the storm event. These included aluminium, copper, lead and zinc. Ambient total metal 
concentrations of these same metals (except lead) also exceeded safe levels. However, ambient 
total zinc concentrations were lower than the wet weather dissolved concentrations of zinc (with 
the exception of the wet weather concentration at 48 hours at the upstream-1 site). This 
indicates that wet weather zinc concentrations are likely to be higher than ambient levels and 
hence that stormwater is contributing to zinc over and above ambient conditions. Furthermore, 
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zinc concentrations remained above WQ objectives for at least the entire 48 hours, indicating 
that impacts may be more severe. Nevertheless, the fact that ambient levels are quite high and 
exceed objectives means that the impact of the stormwater run-off may be less significant under 
the existing conditions. Wet weather copper, lead and aluminium concentrations did not exceed 
the WQ objective for the entire 48 hours after the storm event. It was unclear whether wet 
weather copper, lead and aluminium concentrations exceeded the dissolved portion of metals 
during ambient conditions.  
 
It was inconclusive as to whether ambient lead concentrations exceed the WQ objective, as the 
maximum censored value was above the objective. The maximum or both the minimum and 
maximum detection limit for silver, beryllium, cobalt, tin, cadmium, mercury and thallium 
measured under ambient conditions, which were also censored values, were above the WQ 
objective. Therefore, it was unclear whether these contaminants exceed the WQ objective under 
ambient conditions. It was unclear whether wet weather mercury and thallium concentrations 
exceed WQ objectives as they were reported as censored values and the detection limits are 
above the objective. 
 
During the storm event, downstream and upstream MPC levels were usually very similar, 
differing only by a small amount. This outcome was observed regardless of whether or not there 
were much greater levels in the FMC compared to MPC in-stream concentrations. Furthermore, 
during ambient conditions, concentrations were either mostly similar at MPC sites or higher at 
downstream sites (including for aluminium, boron, iron and manganese). Whilst the ambient 
levels do not represent the dissolved portion of metals before the event, given the wet weather 
results and patterns observed during ambient conditions, it is more than likely that contaminants 
from the FMC are not significantly increasing downstream levels above upstream levels. This 
was most likely due to a significant dilution of FMC discharge occurring in the MPC and other 
inputs of metals upstream. 
 
The concentration of contaminants did not show any obvious pattern in relation to the time when 
the wet weather sample was taken. However, for some contaminants the concentration 
appeared to be highest at 48 hours after the event. This may indicate that some dilution of the 
metals occurs during the storm and when the low flow returns the concentration increases. 
Without a direct comparison with dissolved ambient concentrations it is hard to know if the final 
48 hour concentration is higher than ambient concentrations and therefore indicates extra 
contamination as a result of stormwater run-off. This pattern was not observed for aluminium, 
126 
arsenic, boron, chromium and zinc, for which the 48 hour concentrations were either the lowest 
or between the 1 and 4 hour levels 
 
4.10 Summary and Conclusions 
 
This chapter has presented the methods used to calculate summary statistics for raw sewage 
and in-stream ambient water quality data. The chapter has also included a presentation and 
discussion of raw sewage results. Finally, ambient and wet weather (without sewer overflow) 
results were presented, compared and discussed. 
 
For detected observations there is little difference in raw sewage concentrations at times of high 
and low dry weather sewer flow (DWF), with mean and median concentrations typically within 
the same order of magnitude. The exception to this was for the microbiological contaminants 
E.coli and enterococci, which were an order of magnitude higher at high DWF. Concentrations of 
most metals, and all ecosystem health and microbiological contaminants are higher at high 
DWF. Hence, the raw sewage concentrations summarised in this chapter at high DWF can be 
used in the sewer overflow simulation model (presented in Chapter 6) to represent worst-case 
raw sewage concentrations. In doing so however, it should be noted that only E.coli and 
enterococci showed a significantly higher concentration at high DWF. A comparison of raw 
sewage concentrations with other published data revealed that they were within the range 
expected for domestic sewerage catchments, adding to confidence in the results.  
 
Ambient conditions in the Moonee Ponds Creek (MPC) overall were quite poor with many 
contaminants exceeding water quality (WQ) objectives. This was confirmed for E.coli and 
enterococci (for primary recreation), orthophosphate, ammonia (at some sites), electrical 
conductivity (EC), pH, aluminium, copper and zinc. Therefore, the potential ecological and public 
health risks caused by wet weather sewer overflows and other wet weather discharges such as 
stormwater run-off may be less severe, particularly relative to those contaminants which 
exceeded WQ objectives during ambient conditions.  
 
Following the wet weather event without sewer overflow, the following contaminants exceeded 
WQ objectives; E.coli, enterococci, total phosphorous, orthophosphate and zinc. The following 
contaminants also exceeded the WQ objective, but only for some of the time; total nitrogen, total 
suspended solids (TSS), nitrate, EC, aluminium, copper and lead. Of these contaminants which 
exceeded the WQ objective during wet weather, those confirmed to also be above ambient 
levels included E.coli, enterococci, orthophosphate, total phosphorous, total nitrogen, TSS, 
127 
nitrate and zinc. Therefore, for these contaminants in particular, stormwater run-off is likely to 
have the most significant impact. These results provide an initial indication that stormwater run-
off is a major contributor to wet weather pollution and hence is important to consider in the 
analysis of risk from sewer overflow.  
 
There was no indication that stormwater run-off from the FMC was significantly impacting on the 
MPC over and above upstream discharges, as there was no noticeable increase in 
concentrations at downstream impacted sites after the storm event, when compared to before 
the event during ambient conditions. This suggests that the FMC is not contributing to the 
degradation in the MPC over and above upstream inputs. This result is not unexpected, as there 
is a multitude of stormwater and other pollution inputs into the MPC upstream of the FMC. 
Therefore, for an impact to be registered at downstream sites, pollution from the FMC would 
need to be severe. Without measuring concentrations upstream and downstream of the FMC 
following a sewer overflow event, conclusions cannot be drawn as to whether FMC discharge 
would then produce a more significant contribution to increased water quality concentrations. 
Given the existing degradation however, it is likely that impacts will be harder to detect. 
 
The wet weather concentrations often showed no obvious pattern with respect to the time that 
the sample was taken. The most noticeable pattern was observed for microbiological 
contaminants, which returned to lower ambient levels as time passed. Of all the contaminants, 
only E.coli, enterococci, total phosphorous and orthophosphate during wet weather were 
confirmed to exceed both WQ objectives and ambient levels for the entire 48 hours. This 
demonstrates the limitations of comparing wet weather concentrations with WQ objectives 
designed for ambient conditions. Wet weather concentrations may exceed these objectives, but 
usually only for a short period, whereas the objective is designed for long term chronic 
conditions. 
 
The next chapter focuses on the hydraulic and hydrologic components of the sewer overflow 
simulation model. However, the concentration data analysed and presented in this chapter will 
be revisited in the coming chapters. Although the ambient concentrations analysed and 
presented in this chapter provide a good indication of conditions of the MPC prior to sewer 
overflow, a direct comparison of ambient levels with simulated sewer overflow concentrations 
will be made in Chapter 7 and will add to this evidence. Raw sewage concentrations presented 
in this chapter will be used in the simulation model discussed in Chapter 6 to predict levels of 
contaminants in the MPC following sewer overflow. The wet weather data presented in this 
chapter provide an initial indication of the impacts from stormwater run-off without sewer 
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overflow. As only one event was sampled, to add to this data, later in Chapters 6 and 7 
simulated in-stream concentrations from stormwater run-off using primarily published data are 
compared against concentrations from wet weather sewer overflow. Wet weather concentrations 
in this chapter are also compared with simulated levels in Chapter 6 to help determine the 
reliability of simulated concentrations.   
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CHAPTER 5 
SIMULATION AND ANALYSIS OF HYDRAULIC AND HYDROLOGIC 
DATA FOR MASS BALANCE MODEL 
 
5.1 Introduction 
 
One of the main objectives of the research is to determine the impact on water quality from wet 
weather sewer overflows. Furthermore, water quality is one of the variables used to determine 
the risk from sewer overflow, which is the primary aim of the research. There were no sewer 
overflows during the data collection period for this research project due to the drought conditions 
which prevailed in Melbourne. Therefore, measured water quality concentrations in receiving 
waters following sewer overflow could not be obtained. As an alternative, in-stream pollutant 
concentrations for Moonee Ponds Creek (MPC) are predicted by applying various dilutions to the 
raw sewage concentration data referred to in Chapters 3 and 4.   
 
A similar approach, using a mass balance model to predict final receiving water concentrations, 
has been suggested by the USEPA when setting permit limits for effluent discharge (USEPA, 
1996b). Furthermore, a study of the impacts of intermittent discharges on waterways calculated 
a dilution factor, which could be multiplied by the concentration of the contaminant in the 
discharge to obtain an approximation of the in-stream concentration (Mancini, 1979). In a report 
to Congress on combined and sanitary sewer overflows, the USEPA used a dilution model to 
estimate the impact of sewer overflows on the water quality of receiving waterways (USEPA, 
2004b). This chapter presents the hydraulic and hydrologic data used in proceeding chapters in 
a mass balance model to predict the concentration of contaminants in the MPC as a result of 
sewer overflow. The hydraulic and hydrologic data provide the dilution of raw sewage at each 
stage of the overflow event and most importantly in the receiving waterway.   
 
During a wet weather sewer overflow event, dilution of raw sewage, which in the study 
catchment is made up primarily of domestic wastewater, occurs in the sewer, Five Mile Creek 
(FMC) and MPC. Figure 5.1 depicts the process of wet weather sewer overflow in the study 
catchment, showing the three stages of dilution of raw sewage coloured in blue.  
 
Figure 5.1 shows that following rainfall, the raw sewage, which is also classed as dry weather 
sewer flow (DWF), is first diluted in the sewerage system itself due to stormwater inflow and 
infiltration (I/I) into the sewer. The combination of DWF and stormwater I/I make up the wet 
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weather flow (WWF) in the sewer. When WWF reaches the hydraulic capacity of the sewerage 
system, wet weather sewer overflow occurs, which in this case discharges to the FMC 
stormwater drain. Hence, further dilution of raw sewage occurs at this point as sewer overflow 
combines with stormwater run-off from the catchment conveyed in the FMC stormwater drain. 
Finally, raw sewage is further diluted in the receiving waterway, the MPC, which receives the 
combined sewer overflow and stormwater run-off from the FMC stormwater drain.   
 
Figure 5.1 Process of wet weather sewer overflow at the study catchment 
 
Variations in specific key hydraulic and hydrologic variables will result in different flows in the 
sewer and receiving waterways and therefore a variation in dilution and concentration at each of 
the stages in Figure 5.1. These variables include storm frequency, storm duration, level of DWF 
when the sewer overflow commences, and location within the sewer at which the sewer flows 
are generated.   
 
Whilst it is clear that the concentration will vary based on a variation in these key variables 
discussed above, the significance of the difference in concentration needs to be tested. If there 
is very little difference in the predicted concentrations based on a variation of these key 
variables, the necessity to account for this variability as opposed to a point estimate may be not 
as critical. In order to test the significance of the variation in key variables on predicted MPC 
concentrations, a quantitative comparison of dilution factors for different events or scenarios is 
undertaken. Furthermore, the combination of variables which results in the highest (best-case) 
Rainfall 
Sewer 
(WWF) 
FMC MPC 
Stormwater 
Inflow/ 
Infiltration 
Run-off 
Wet weather sewer 
overflow 
Combined sewer overflow 
and stormwater run-off 
Raw sewage 
(DWF) 
131 
and lowest (worst-case) dilution of raw sewage in the MPC as a result of sewer overflow are 
compared. A comparison of a worst and best-case scenario provides an indication of the range 
of variation that can be expected, and the significance of this difference in quantitative terms. In 
Chapter 7 risk screening is undertaken, based on a worst-case concentration of contaminants in 
the MPC resulting from sewer overflow. Hence, the scenario producing hydrologic and hydraulic 
conditions that would result in the least dilution of the raw sewage as a result of sewer overflow 
in the MPC is required and is provided in this chapter.   
 
Flows for varying design storms and other key variables which have been generated in the 
sewer, FMC and MPC using models are presented and discussed first in this chapter. This is 
followed by a calculation and comparison of the respective dilution factors for varying storms and 
other key variables, highlighting how key variables will affect in-stream MPC concentrations. A 
quantitative comparison of the worst and best-case dilution factors for the MPC is then made 
and the event which results in the lowest dilution in the MPC is identified for use in the risk 
screening process in Chapter 7.  
 
5.2 Description of Key Hydraulic and Hydrologic Variables and Choice of Conditions for 
Each Variable 
 
As mentioned in the introduction, the variables which will impact on the flows at the various 
stages of the overflow event and hence concentrations in the MPC at the study site include the 
following: 
 
• Storm frequency 
• Storm duration 
• Level of DWF when the sewer overflow commences 
• Location within the sewer at which the sewer flows are generated  
 
Each of these key hydraulic and hydrologic variables may be in a range of various conditions or 
states and therefore will vary. Descriptions of each of these variables and the conditions 
selected for each of the variables for the study are discussed below.   
 
5.2.1 Storm frequency and duration 
 
Different storm events will produce varying wet weather flows in the sewer, FMC and receiving 
waterway. These in turn will produce varying concentrations in the sewer network, sewer 
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overflow and receiving waters due to changing dilutions of both raw sewage and stormwater, 
thus contributing to uncertainty in risk outcomes.   
 
Storms with an average recurrence interval (ARI) of 1, 5 and 10 years were chosen for this 
variable. The State Environment Protection Policy (Waters of Victoria, 2003) (SEPP (WoV, 
2003)) requires sewerage systems to contain sewer flows associated with rain events with an 
ARI of 5 years. Therefore at the study site storms with an ARI above (10 year ARI) and below (1 
and 5 year ARI) this benchmark were included. The hydraulic model used to simulate the sewer 
flows for the various design storms (refer to Section 5.4) was calibrated using rainfall data from 
measured gauges during rainfall events with an ARI of 1 and 2 years. Hence, City West Water 
(CWW) hydraulic engineers advised that sewer flow data generated from the hydraulic model for 
storms with an ARI greater than 10 years would be unreliable, and they were therefore not 
considered. Section 5.3 provides the specific details of the sewer hydraulic model used to 
simulate sewer flows including further information on the calibration process. 
 
For each storm frequency, a range of storm durations was investigated. The storm durations 
were chosen to take into account a good spread of both short duration storms lasting 1/2, 2, and 
6 hours and long duration storms lasting 12, 24 and 48 hours. A summary of the storms used for 
the study is provided in Table 5.1.   
 
Table 5.1 Storms used in the study to simulate hydraulic and hydrologic data 
Storm ARI (years) Storm duration (hours) 
1 
½, 2, 6, 12, 24, 48 5 
10 
 
The storms included in the study do not include the entire range of events which may lead to 
sewer overflow. However, the storms provide a good representation of compliant (above SEPP 
benchmark) and non-compliant (below SEPP benchmark) overflows and therefore represent a 
comprehensive picture for the purposes of the present study.   
 
5.2.2 Dry weather sewer flow in the sewer when the sewer overflow commences 
 
The DWF in the sewer fluctuates throughout a day, based on the variation in the amount of 
wastewater discharged to the sewer at any one time. It is assumed that when wet weather sewer 
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overflow occurs at a time of increased or high DWF, wet weather sewer flows and therefore 
overflow volumes will be greater than at times when DWFs are lower. Furthermore, the in-sewer 
dilution will change based on changes in the DWF and will be less dilute the higher the DWF. 
Therefore, a fluctuation in DWF ultimately impacts on the concentration of contaminants in the 
sewer overflow and hence in receiving waters. 
 
Low and high DWF are the two conditions considered for this variable. Hence, for each of the 
design storms in Table 5.1, the simulation of sewer and receiving water flows was timed to 
coincide with sewer overflow commencing at low and high DWF. Figure 5.2 provides an example 
of a weekday DWF profile for the FMC, at two sewer manholes (FIV 7 and 37) with the time of 
low and high DWF highlighted. Figure 5.2 shows that at manhole FIV 7 the DWF in the sewer 
during the designated period of low DWF is approximately four to seven times lower than during 
the high DWF period. At manhole FIV 37, the DWF in the sewer during the designated low DWF 
period is approximately three to five times less than the flow at the designated high DWF period. 
For the purposes of this study, low DWF refers to the DWF in the sewer at any time between 2 
am and 6 am (weekdays), when discharge of wastewater to the sewer is typically at its lowest. 
High DWF refers to the DWF in the sewer at any time between 7am and 10am (weekdays), 
when discharge of wastewater to the sewer is typically at its highest. These two conditions, 
referred to as low and high DFW, provide a lower and upper bound of the possible range of 
DWF in the sewer. 
 
 
Figure 5.2 Dry weather sewer flow at two different sewer manholes indicating the designated 
periods of low and high DWF over the course of 24 hours.  
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In Chapter 3, raw sewage concentrations were also collected at a time of low and high DWF as it 
was assumed that this would produce a lower and upper bound respectively of concentration. 
Sewer flows simulated at these times can be used in conjunction with raw sewage 
concentrations to predict in-sewer and subsequent wet weather overflow and receiving waterway 
concentrations (this is discussed further in Chapter 6). 
 
5.2.3 Location within the sewer at which the sewer flows are generated 
 
The points within the sewer network for which wet weather and dry weather flows are analysed, 
which are the sewer manholes, were also assumed to be critical in terms of the predicted 
concentrations, because sewer flows will vary between the manhole locations. Hence, the in-
sewer dilution of raw sewage will also vary on this basis. 
 
For the present study, model outputs of dry and wet weather sewer flows are based on data at 
two manholes designated FIV 37 and FIV 7, and both DWF and WWFs at each of these 
manholes will vary from one another. Of the manholes, manhole FIV37, which is at the top of the 
catchment, is closest to ERS 97 and 151, as shown in Figure 5.3. Therefore, of the two 
manholes, sewer flows at this point provide the best indication of the likely dilution in the sewer 
adjacent to these two overflow structures. Similarly, manhole FIV 7, which is located at the 
bottom of the catchment, is closest to ERS 98, as shown in Figure 5.3. Therefore, sewer flows at 
this point provide the best indication of the in-sewer dilution adjacent to ERS98. 
 
In summary, for each of the storms in Table 5.1 based on sewer overflows commencing at high 
and low DWF, DWFs and WWFs, sewer overflow rates and flows in the FMC and MPC were 
simulated. DWFs and WWFs were also simulated, based on flow data at manholes FV7 and 
FIV37. The methods used to generate the flows and an examination of these flows is presented 
in the following sections. 
 
5.3 Methods used to Simulate Sewer Flows and ERS or Sewer Overflow Rates  
 
As shown in Figure 5.1, the combination of raw sewage or DWF and stormwater I/I into the 
sewer produce WWFs in the sewer. Wet weather sewer overflows occur when the WWF 
reaches the hydraulic capacity of the sewerage system. Determining the DWF and WWF in the 
sewer at the time of the sewer overflow is important, as these results will be used to determine 
the dilution of the raw sewage in the sewer, which will provide an estimation of the concentration 
in the sewer overflow. Determining the sewer overflow rate is also important as this, in 
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conjunction with receiving water flows (presented in Section 5.5), provides an indication of the 
dilution of contaminants in the sewer overflow in receiving waters and hence in-stream MPC 
concentrations.   
 
 
Figure 5.3 Approximate locations of the sewer manholes (FIV 37 and FIV 7) where sewer flows 
are simulated  
 
CWW has undertaken hydraulic modelling of the FMC Sewerage Catchment which provides 
information on wet and dry weather sewer flows and ERS or sewer overflow flow rates. Wet 
weather inflows into the sewer were modelled using the Fixed PR Surface Run-off Volume 
model in conjunction with the Wallingford Run-off Routing model. In addition, wet weather 
infiltration was modelled using the Infoworks Infiltration model (City West Water, 2005b). 
Groundwater infiltration in terms of base flows/dry weather infiltration was also modelled, but as 
a constant base flow, the parameters for which were estimated during the dry weather 
calibration process (City West Water, 2005b). CWW collected twelve weeks of sewer flow and 
rainfall data using temporary and permanent rain gauges (3 in total) and flow monitors (6 in 
total). These data were used to calibrate dry and wet weather sewer flows (City West Water, 
2005b). Further details of the hydraulic model can be found in City West Water (2005b).  
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5.4 Simulated Sewer Flows and Sewer Overflow Rates  
 
Dry and wet weather sewer flows and ERS flow rates were simulated using the hydraulic model 
developed for the FMC sewerage catchment discussed above and the results are presented in 
this section.   
 
5.4.1 Simulated wet and dry weather sewer flows 
 
To provide an indication of the in-sewer dilution of raw sewage or DWF, which will ultimately be 
used to estimate the concentration in the sewer overflow, both dry and wet weather sewer flows 
were simulated. These flows were simulated for each of the design storms in Table 5.1 of 
Section 5.2 and also at a time when sewer overflow commences at low and high DWF. 
Furthermore, the DWFs and WWFs were simulated at two different manholes; FIV 7 and FIV 37, 
which will result in varying DWFs and WWFs and hence in-sewer dilution. Patterns relating to 
sewer flows were observed for the various storm events and are discussed below using 
examples of sewer flow hydrographs shown in Figures 5.4 to 5.7.  
 
Figures 5.4 to 5.7 show the DWFs, which include times of no rainfall, and the WWFs for the 1 
year 30 minute and 48 hour storms at two different sewer manholes designated as FIV 7 and 
FIV 37. The storm event is started so that the sewer overflow commences during a time of high 
DWF (Figures 5.4 and 5.6) and low DWF (Figures 5.5 and 5.7). As mentioned in the 
introduction, WWFs refer to the increased flows (total flow of DWF and stormwater I/I) in the 
sewer during storm events as a result of stormwater I/I into the sewer. DWF is the sewer flow 
before the rainfall infiltrates the sewer and therefore will always be less than the wet weather 
flows. The sewer flow hydrographs in Figures 5.4 to 5.7 cover the time span from the start of 
rainfall to when the sewer overflow has finished, and the red line denotes the commencement of 
overflow. The corresponding rainfall for each storm is also displayed in Figures 5.4 to 5.7. 
 
For storm events in Figures 5.4 and 5.5, the time interval between the rainfall commencing and 
peak WWF is short, being approximately 30 minutes. This is the pattern expected for high 
intensity short duration storms. However, as the storm duration increases, the average intensity 
decreases and hence it will take longer for wet weather flows to increase in the sewer. Figures 
5.6 and 5.7 for the 48 hour storms confirm that, as the storm duration increases so does the time 
interval between commencement of rainfall and peak WWFs. The rainfall pattern for the 48 hour 
storm is much less intense than the 30 minute storm. Consequently, there is a more gradual 
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increase in WWF over many hours, reaching its peak flow approximately 18 to 21 hours after 
rainfall commenced.  
 
Figures 5.4 to 5.7 show that when the WWF in the sewer reaches its peak, or just before its 
peak, the sewer overflow commences. For larger storms such as the 5 and 10 year long duration 
events, the sewer typically starts overflowing well prior to the peak wet weather flow in the sewer 
being reached (as shown in an example of sewer flows for a 10 year event in Figure E1 in 
Appendix E) 
 
Figures 5.6 and 5.7 show that for the 48 hour storms, whilst the sewer overflow commences at a 
time of high (8am) and low (3.30am) DWF respectively, because the sewer overflow lasts for a 
long time (approx. 7 to 9 hours) the DWF enters a different period of either high or low DWF 
during the overflow event. In contrast, for the 30 minute storms, when the sewer overflow 
commences at low or high DWF, the DWF remains low or high respectively for the entire 
overflow period (refer to Figures 5.4 and 5.5). For 1 year storms with a duration longer than 2 
hours, the DWF period (high or low) in which the overflow first commences changes over the 
course of the overflow. For the 5 and 10 year storms, the 30 minute duration storms remain 
largely in the DWF period in which the overflow first commenced. However, storm durations 
greater than 30 minutes enter a different DWF period over the course of the overflow. This is 
important in terms of the impact on dilution of contaminants in the sewer and ultimately the MPC, 
and is discussed further in Section 5.7.3. 
 
Figures 5.8 and 5.10 provide a summary of WWF volumes for all design storms. WWF volumes 
in Figures 5.8 and 5.10 are based on sewer flows at manhole FIV 37 and FIV 7 respectively, and 
are calculated over the course of the sewer overflow. A summary of DWF volumes is shown in 
Figures 5.9 and 5.11 at manhole FIV 37 and FIV 7 respectively. Both WWF and DWF volumes in 
Figures 5.8 to 5.11 include volumes when the sewer overflow commences at low and high DWF. 
As already mentioned, the WWF volumes are affected by whether the DWF is at its lowest or 
highest, because the WWF volume is the total combined DWF and stormwater I/I volume. The 
wet and dry weather volumes in Figures 5.8 to 5.11 are used in Section 5.7 to determine the in-
sewer dilution, which is subsequently used to determine the overall dilution of raw sewage in the 
MPC as a result of sewer overflow.   
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Figure 5.4 Sewer flows for 1 year 30 minute storm (overflow starts 
at high DWF shown by red vertical line) 
 
Figure 5.6 Sewer flows for 1 year 48 hour storm (overflow starts 
at high DWF shown by red vertical line) 
 
Figure 5.5 Sewer flows for 1 year 30 minute storm (overflow starts 
at low DWF shown by red vertical line) 
 
Figure 5.7 Sewer flows for 1 year 48 hour storm (overflow starts 
at low DWF shown by red vertical line) 
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Figure 5.8 Wet weather sewer flow volumes at manhole FIV 37 
(sewer overflow starts at high and low DWF)  
 
 
Figure 5.10 Wet weather sewer flow volumes at manhole FIV 7 
(sewer overflow starts at high and low DWF) 
 
Figure 5.9 Dry weather sewer flow volumes at FIV 37 (sewer 
overflow starts at high and low DWF) 
 
 
Figure 5.11 Dry weather sewer flow volumes at FIV 7 (sewer 
overflow starts at high and low DWF) 
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Figures 5.8 to 5.11 show that there is a change in WWF and DWF volumes with a change in the 
key variables including; the storm ARI and duration, whether the overflow occurs during a period 
of high or low DWF and whether sewer flows are generated at manholes FIV7 or FIV37. 
Perhaps the most obvious change occurs for the different design storms. For example, whilst 
Figures 5.4 to 5.7 showed that it takes longer for the wet weather flows to increase in the sewer 
for the lengthier storms, Figures 5.8 to 5.11 show that, as the storm duration increases, so too 
do the wet weather and dry weather sewer volumes. This same pattern is also observed for 
storm ARIs, with a greater ARI typically resulting in greater sewer flow volumes. These patterns 
are not unexpected for WWF, as there is a greater overall rainfall for larger and longer storms, 
keeping WWFs higher for longer. The reason why the DWFs also increase for the larger events 
is that the DWF volumes are calculated over the course of the sewer overflow, which is longer 
for the bigger storms.   
 
A change in sewer volumes as a result of a variation of the key variables will affect the in-sewer 
dilution and the sewer overflow volumes, which in turn will both impact on the predicted MPC 
concentrations. Ultimately, it is not the degree of difference in the sewer volumes as a result of a 
variation in key variables that is critical in terms of the objective of this chapter. Rather, the 
critical factor is how this variation will impact on the predicted contaminant concentrations in the 
MPC resulting from sewer overflow. A quantitative analysis is undertaken in Section 5.7 showing 
the degree to which a change in these key variables will impact on the predicted MPC 
concentrations 
 
5.4.2 Simulated sewer overflow or ERS flow rates 
 
In addition to the DWFs and WWFs, sewer overflow rates were also simulated. As previously 
mentioned, the sewer flows are used to determine the in-sewer dilution of raw sewage and 
hence concentrations of contaminants in the sewer overflow. Following this, the sewer overflow 
rate in conjunction with receiving water flows (presented in Sections 5.5.and 5.6) provide an 
indication of the dilution of contaminants in the sewer overflow in receiving waters and hence in-
stream MPC concentrations. Sewer overflow rates were simulated for each of the design storms 
in Table 5.1, commencing at low and high DWF. Patterns relating to sewer overflows were 
observed for the various storm events and are discussed below using examples of sewer 
overflow hydrographs in Figures 5.12 to 5.15. 
 
Figures 5.12 to 5.15 show the sewer overflow hydrograph generated by the hydraulic model for 
the 1 year, 48 hour and 30 minute storms, commencing at a time of low and high DWF. Each of 
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the three ERSs is represented - 98, 97 and 151 - (refer to study site Map, Figure 3.2 of Chapter 
3), and the hydrograph of the total of all three overflows is also included on the graph. The 
horizontal axis begins with the commencement of the storm.   
 
As depicted from the sewer flow graphs in Figures 5.4 to 5.7 in Section 5.4.1, for the longer 
duration storms it takes more time for WWFs to build up in the sewer. Consequently, for the 
longer duration storms it takes longer for the sewer to commence overflowing. For example, in 
Figures 5.12 and 5.13 for the 30 minute storms, it takes approximately 30 and 40 minutes after 
rainfall has started before the sewer overflows, when the overflow starts at a high and low DWF 
period respectively. In contrast, for the 48 hour storms in Figures 5.14 and 5.15 it takes 
approximately 17.5 hours and 18 hours after rainfall has started before the sewer overflows, 
when the overflow starts at a high and low DWF period respectively. 
 
Typically, for the various design storms ERS 98 generally has a larger peak overflow rate than 
ERSs 151 and 97. This is seen in our examples for the 1 year storms. For instance, Figure 5.12 
shows that for the 1 year 30 minute storm, ERS 98 has a peak flow of 0.04 m3/s and ERSs 97 
and 151 have a peak flow of 0.02 m3/s and 0.004m3/s respectively. The reason is that as ERS 
98 is towards the bottom of the catchment, there is more length of pipe draining to this point.  
 
The exceptions are for some of the larger storms such as the 5 and 10 year events, where ERS 
97 has a larger peak overflow rate than ERS 98 (as shown in an example of overflow rates for a 
10 and 5 year event in Figures E2 and E3 in Appendix E). The sewer pipe adjacent to ERS 97, 
which is at the top of the catchment, has less capacity (300mm diameter pipe) than the sewer 
pipe towards the bottom of the catchment close to ERS 98 (1050mm diameter pipe). Therefore, 
the larger storms, such as those with an ARI of 10 years which have a higher rainfall total and 
intensity, will produce much higher flows, which are likely to reach the maximum capacity of the 
sewer higher up in the sewer than those produced by the smaller storms.   
 
Figure 5.16 shows the sewer overflow volumes for all design storms when the sewer overflow 
commences at a time of low and high DWF. The volumes in Figure 5.16 are used to determine 
the overall dilution of raw sewage in the MPC as a result of sewer overflow in Section 5.7 for the 
different design storms and other key variables.   
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Figure 5.12 ERS overflow for 1 year 30 minute storm (overflow 
starts at high DWF)  
 
Figure 5.14 ERS overflow for 1 year 48 hour storm (sewer 
overflow starts at high DWF) 
 
Figure 5.13 ERS overflow for 1 year 30 minute storm (sewer 
overflow starts at low DWF) 
 
Figure 5.15 ERS overflow for 1 year 48 hour storm (overflow 
starts at low DWF)  
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Figure 5.16 shows the sewer overflow volumes for all design storms when the sewer overflow 
commences at a time of low and high DWF. The volumes in Figure 5.16 are used to determine 
the overall dilution of raw sewage in the MPC as a result of sewer overflow in Section 5.7 for the 
different design storms and other key variables.   
 
Figure 5.16 shows that the overflow volumes vary for storms with different ARIs and durations. 
As we saw in Section 5.4.1, the wet weather volumes in the sewer increased as the storm ARI 
and duration increased. Consequently, this same pattern is observed for sewer overflow 
volumes, with Figure 5.16 showing that, as the storm duration and ARI increase, so does the 
sewer overflow volume. Figure 5.16 also shows that the overflow volume will vary when the 
overflow commences at high and low DWFs. However, the difference between these volumes is 
less obvious than for the different design storms. This variation is due to the difference in WWFs 
and DWFs between these times, which ultimately impacts on the overflow volumes.  
 
 
Figure 5.16 Sewer overflow volumes for all design storms (sewer overflow starts at high and low 
DWF) 
 
A change in sewer overflow volumes as a result of these key variables will impact on the dilution 
in the MPC and hence predicted concentrations. As already mentioned, the ultimate objective is 
to use these volumes to determine the dilution of raw sewage in MPC in order that 
concentrations can be simulated for different events. Hence, an assessment of the degree and 
significance of the change in volumes due to a variation of key variables is not made. Rather, a 
quantitative analysis is undertaken in Section 5.7 to determine to what degree a change in these 
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key variables will impact on the dilution factors in the MPC and hence predicted MPC 
concentrations.  
 
5.5 Methods Used to Determine the FMC and MPC Flows during Storm Events 
 
As shown in Figure 5.1, at the study site the wet weather sewer overflow discharges first to the 
FMC, which then discharges to the MPC. It is important to determine the flows of the receiving 
waters FMC and MPC as they will be used to determine the dilution of sewer overflow 
contaminants in receiving waters and hence receiving water concentrations. 
 
Flows for the FMC and MPC were simulated using RORB version 5 (Laurenson et al., 2006). 
This model is a general run-off routing program which is used for flood estimation, spillway and 
retarding basin design and flood routing (Laurenson et al., 2006). The RORB model and 
catchment input data file used to determine FMC and MPC flows was supplied by Melbourne 
Water, and was prepared by consultants CMPS & F in 1997 for another study (CMPS & F Pty 
Limited, 1997a, 1997b). RORB was chosen over other models largely because there was an 
existing calibrated model available The model is a combination of two earlier models developed 
by Melbourne Water, which had been calibrated against measured flow data. The original 
calibrated parameters were adjusted for the new CMPS & F model, which was also used to 
simulate flows in this study. Calibration and verification information can be sourced from 
Melbourne Water and reports by consultants CMPS & F (CMPS & F Pty Limited, 1997a, 1997b). 
The RORB model parameters (Kc, m and IL) used in the simulation of FMC and MPC flows are 
provided in Tables 5.2 and 5.3 respectively, which were taken from the reports by consultants 
CMPS & F (CMPS & F Pty Limited, 1997a, 1997b). 
 
Table 5.2 Model parameters for FMC 
Parameters:  Kc= 9.21,  m=0.8 
Loss Parameters: initial loss (IL)= 15.0 
 
Kc is an empirical coefficient used as a RORB model storage parameter which is applicable to 
the entire catchment and stream network, and m is an exponent which reflects the non-linearity 
of the routing process. IL refers to initial loss and accounts for rainfall stored in the soil and 
evaporated before having a chance to pass into the receiving stormwater and stream systems. 
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Further information on the theory behind the RORB model and model parameters is provided in 
the RORB manual (Laurenson et al., 2006).   
 
Table 5.3 Model parameters for MPC 
Parameters:  Kc=26,  m=0.8 
Loss Parameters: initial loss (IL)= 15mm  
 
In addition to the model parameters in Tables 5.2 and 5.3, pervious area run-off coefficients 
were also inputted into the model and were different for each design storm ARI. Run-off 
coefficients represent the fraction of rainfall that flows over the surface. These can be found in 
Australian Rainfall and Run-off (Engineers Australia, 2001) and were provided by Melbourne 
Water based on their best knowledge. The run-off coefficients for the 1, 5 and 10 year storms 
are provided In Table 5.4.   
 
In simulating the MPC and FMC stream flows, rainfall intensities and temporal patterns for 1, 5 
and 10 year storms were obtained as given in Australian Rainfall and Runoff (Engineers 
Australia, 2001). It was assumed the rainfall was uniformly distributed over the catchment. 
 
Table 5.4 Run-off coefficients for each design storm ARI  
Storm ARI Runoff coefficient 
1-year 0.15 
5-year 0.25 
10-year 0.35 
 
5.6 Simulated FMC and MPC Flows 
 
Stream flow hydrographs were simulated for each of the storms in Table 5.1. Furthermore, for 
each of the storms the hydrographs were simulated to coincide with a time when sewer overflow 
commences at low and high DWF. Whether the sewer overflow commences at high or low DWF 
may alter the length of the sewer overflow. On this basis, the stream flow for the MPC and FMC 
will also be generated over a different time span, which will ultimately affect the volume of 
stream flow for these events which is calculated from when the overflow begins and ends. It is 
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also important in calculating the in-stream concentrations that the sewer overflow volumes at low 
and high DWF be diluted according to the stream flows at the same time. Patterns relating to 
stream flows were observed for the various storm events and are discussed below, using 
examples of stream flow hydrographs shown in Figures 5.17 to 5.24. The stream flow 
hydrographs in Figures 5.17 to 5.24 cover the time span from the start of rainfall to when the 
sewer overflow has finished, and the red line denotes the commencement of overflow 
 
Figures 5.17 to 5.24 show that the 48 hour storms take much longer to reach the peak stream 
flow after rainfall commences in the FMC and MPC than the 30 minute storms. For example, for 
the 1 year 48 hour storm in Figures 5.19 and 5.23 it takes approximately 22 and 24 hours after 
rainfall has commenced to reach the peak flow in the FMC and MPC respectively. In contrast, for 
the 1 year 30 minute storm in Figures 5.17 and 5.21 it takes approximately 1 hour to reach peak 
flow in both the FMC and the MPC. This pattern is not unexpected as the average rainfall 
intensity for longer duration storms is lower than for shorter duration storms. Therefore, the time 
to peak flow in the MPC and FMC increases with increased storm duration. 
 
A similar pattern was observed for the sewer flows in Section 5.4, where the 48 hour storms had 
a gradual increase in WWF over many hours, after rainfall commenced, before levels were high 
enough for a sewer overflow to occur. In contrast, for the 30 minute storm WWFs increased very 
quickly, resulting in sewer overflow not long after the storm commenced. 
 
Therefore, the examples of stream flows in Figures 5.17 to 5.24 show that sewer overflow does 
not commence (denoted by the red vertical line) until the WWFs in the stream have started, 
whether the storm is of short (30 minutes) or long (48 hours) duration. This is an important 
observation because, if the sewer overflow started earlier, where flows in the MPC were still 
quite low, contaminant levels from sewer overflow would be higher as less dilution would occur. 
For all storms, with the exception of those of 6 hours duration, the sewer overflow commences 
after stream flows have increased above low stream flow typical of dry weather conditions. For 
the 6 hour duration storms the sewer overflow reaches the MPC during low stream flow but only 
for about 30 minutes before the stream flow in the MPC quickly starts to increase (as shown in 
an example of MPC stream flows for a 6 hour duration storm event in Figure E4 in Appendix E).. 
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Figure 5.17 Flows in the FMC for the 1 year 30 minute storm 
(sewer overflow starts at high DWF denoted by red line)  
 
 
Figure 5.19 Flows in the FMC for the 1 year 48 hour storm (sewer 
overflow starts at high DWF denoted by red line) 
 
Figure 5.18 Flows in the FMC for the 1 year 30 minute storm 
(sewer overflow starts at low DWF denoted by red line) 
 
 
Figure 5.20 Flows in the FMC for the 1 year 48 hour storm (sewer 
overflow starts at low DWF denoted by red line) 
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Figure 5.21 Flows in the MPC for the 1 year 30 minute storm 
(sewer overflow starts at high DWF denoted by red line) 
 
 
Figure 5.23 Flows in the MPC for the 1 year 48 hour storm (sewer 
overflow starts at high DWF denoted by red line) 
 
Figure 5.22 Flows in the MPC for the 1 year 30 minute storm 
(sewer overflow starts at low DWF denoted by red line) 
 
 
Figure 5.24 Flows in the MPC for the 1 year 48 hour storm (sewer 
overflow starts at low DWF denoted by red line) 
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Due to greater overall rainfall, it is expected that as the storm ARI and duration increases, 
the stream flow volume also increases. This is confirmed in Figures 5.25 and 5.26, which 
provide a summary of flow volumes in the FMC and MPC for all design storms. As the same 
pattern was observed for the sewer overflow volumes, the larger storms which produce 
greater overflow volumes will not necessarily mean higher contaminant levels in the receiving 
waterways, as the flows in the stream also increase for the larger storms.  
 
 
Figure 5.25 FMC discharge volumes for 1 year, 5 year and 10 year storms  
 
Figures 5.25 and 5.26 also include FMC and MPC volumes for all design storms when the 
sewer overflow commences at a time of low and high dry weather sewer flow. The difference 
between the volumes for the DWF period is less obvious than for the different design storms. 
The variation, if any, is due to a difference in the length of time that the sewer will overflow 
and hence over which the FMC and MPC volume is calculated. The volumes in Figures 5.25 
and 5.26 are used in Section 5.7 to calculate the dilution of raw sewage in the receiving 
waterway. As mentioned in the previous sections, the difference in volumes as a result of a 
variation of key variables is not quantified. Rather, quantitative analysis is undertaken in 
Section 5.7 showing the degree to which a change in these key variables will impact the 
dilution factor in the MPC and hence the predicted MPC concentrations.  
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Figure 5.26 MPC discharge volumes for 1 year, 5 year and 10 year storms  
 
5.7 Calculating and Analysing the Dilution Factors in the MPC 
 
As previously mentioned, it is assumed that the concentration of raw sewage in the receiving 
waterway will vary, based on a variation of the key hydraulic and hydrologic variables 
discussed in the previous sections. It is also assumed that the differing concentrations will 
impact on the findings of risk analysis, and hence this variability should be considered when 
determining risk outcomes. The differing volumes based on a variation in key variables point 
to this being the case. However, the significance of the difference in concentration needs to 
be tested. In order to do this, dilution factors which represent the dilution of raw sewage in 
the MPC are first calculated from the flow volumes summarised in the previous section. 
Sensitivity analysis is then performed, which includes a quantitative comparison of dilution 
factors for different events or scenarios to test the significance of the variation in key 
variables on predicted MPC concentrations. A comparison of the overall worst and best case 
scenario is also calculated to provide an indication of the total range of variation that can be 
expected and the significance of this difference in quantitative terms. Finally, the scenario 
producing hydrologic and hydraulic conditions that would result in the least dilution of the raw 
sewage as a result of sewer overflow in the MPC, is identified which will be used in Chapters 
6 and 7 for the purpose of worst-case analysis risk screening. 
 
5.7.1 Dilution of raw sewage at various stages in the sewer and receiving waters 
during a wet weather sewer overflow event 
 
As mentioned in the introduction of this chapter and shown in Figure 5.1, dilution of raw 
sewage occurs at various stages during a wet weather sewer overflow event, both in the 
sewer and receiving waterway. Dilution of raw sewage occurs first in the sewer itself, 
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followed by the FMC, which receives the sewer overflow and finally the MPC which receives 
the FMC discharge. A dilution factor (DF) at each of these stages was calculated and was 
used in determining the overall dilution of raw sewage in the MPC. The equations used to 
determine the DFs at each of these stages are summarised below. 
 
Dilution of raw sewage contaminants in the sewer  
 
Dilution of raw sewage (or dry weather sewer flow) occurs following a rainfall event as a 
result of stormwater inflow and infiltration into the sewer. DFs in the sewer were calculated 
using the following equation: 
 
SEWDF=
DWFV
WWFV
 Equation 5.1 
 
where:  
SEWDF is the DF in the sewer, 
DWFV is the total volume of DWF over the course of the sewer overflow (kL) summarised in 
Figures 5.9 and 5.11, and 
WWFV is the total volume of WWF over the course of the sewer overflow (kL) summarised in 
Figures 5.8 and 5.10.  
 
Dilution of the sewer overflow contaminants in the FMC  
 
Contaminants in the raw sewage have already been diluted in the sewer, and are then 
further diluted as the sewer overflows (containing the already diluted raw sewage) into the 
FMC. The dilution of sewer overflow contaminants in the FMC is calculated using the 
following equation and is expressed as FMCDF: 
 
FMCDF =
ERSV
FMCV
 Equation 5.2 
 
where: 
FMCDF is the DF in the FMC, 
ERSV refers to the total volume of emergency relief structure overflow (kL) summarised in 
Figure 5.16, and  
FMCV refers to the total FMC volume over the course of the sewer overflow (kL) summarised 
in Figure 5.25.  
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Dilution of FMC sewer overflow contaminants in the MPC 
 
The FMC which receives the sewer overflow discharges to the MPC. Therefore 
concentrations of sewer overflow contaminants in the FMC as a result of sewer overflow will 
be diluted further in the MPC. DFs in the MPC (MPCDFFMC) were calculated using Equation 
5.3, which can also be used to provide an indication of the dilution of FMC stormwater run-off 
contaminants in the MPC if required. 
 
MPCDFFMC  =
FMCV
MPCV
 Equation 5.3 
 
where: 
MPCDFFMC is the DF in the MPC based on the FMC run-off volume, 
FMCV refers to the total FMC volume over the course of the sewer overflow (KL) 
summarised in Figure 5.25, and 
MPCV refers to the total MPC volume (KL) over the course of the sewer overflow (KL) 
summarised in Figure 5.26.  
 
Dilution of sewer overflow contaminants in the MPC 
 
The product of the DF in Equation 5.2 and Equation 5.3 is equivalent to a DF in the MPC 
calculated from the sewer overflow divided by the MPC volume. Hence, dilution of sewer 
overflow contaminants in the MPC can also be calculated directly without the need to include 
the FMC stage, as shown in Equation 5.4 
 
MPCDFERS =
ERSV
MPCV
 Equation 5.4 
 
where: 
MPCDFERS is the DF in the MPC based on the ERS or sewer overflow volume, 
ERSV refers to the total volume of emergency relief structure overflow (kL) shown in Figure 
5.16, and 
MPCV refers to the total MPC volume (KL) over the course of the sewer overflow shown in 
Figure 5.26. 
For each of the storm events in Table 5.1, the above DFs calculated from Equation 5. 1 
through to Equation 5.4 are summarised in Appendix F. The DFs in Appendix F are also 
provided for each of the storms when sewer overflow commences at high and low DWF. 
Finally, the DF in the sewer (SEWDF) is also provided based on sewer flows at the two 
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different sewer manholes investigated in the study FIV 7 and FIV 37 (refer to Figures F1 and 
F2). 
 
5.7.2 Overall dilution of raw sewage in the MPC 
 
The overall DF in the MPC is equivalent to the product of the DFs at each of the stages of 
the sewer overflow event presented above in the previous section. The overall dilution of raw 
sewage in the MPC or DF in the MPC (MPCDFoverall) can therefore be calculated from the 
following equation. 
 
MPCDFoverall=SEWDF×FMCDF×MPCDFFMC Equation 5.5 
 
where: 
MPCDFoverall is the overall DF in the MPC which denotes the overall dilution of raw sewage in 
the MPC, 
SEWDF refers to the DF in the sewer calculated from Equation 5.1 and denotes the in-sewer 
dilution of raw sewage contaminants, 
FMCDF refers to the DF in the FMC calculated from Equation 5.2 and relates to the dilution 
of the sewer overflow contaminants in the FMC, and  
MPCDFFMC refers to the MPC dilution factor calculated from Equation 5.3 and refers to the 
dilution of the contaminants in the FMC in the MPC 
 
As already mentioned, the product of the FMCDF from Equation 5.2 and MPCDFFMC  from 
Equation 5.3 is equivalent to a DF in the MPC calculated in Equation 5.4, based on the 
dilution of sewer overflow contaminants directly in the MPC; MPCDFERS. Hence, Equation 5.5 
can be simplified to the following Equation 5.6, which will yield the same results as Equation 
5.5. 
 
MPCDFoverall=SEWDF×MPCDFERS Equation 5.6 
 
where: 
MPCDFoverall is the overall DF in the MPC which denotes the overall dilution of raw sewage in 
the MPC, 
SEWDF refers to the DF in the sewer calculated from Equation 5.1 and denotes the in-sewer 
dilution of raw sewage contaminants, and  
MPCDFERS refers to the MPC DF calculated from Equation 5.4 and refers to the dilution of 
contaminants in the sewer overflow directly in the MPC. 
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5.7.3 Sensitivity analysis of dilution factors in the MPC to a variation in key hydraulic 
and hydrologic variables 
 
Figures 5.27 to 5.30 below provide the DFs in the MPC representing the overall dilution of 
raw sewage in the MPC as a result of a wet weather sewer overflow event calculated from 
Equation 5.6. The DFs in Figure 5.27 to 5.30 have been determined for each of the different 
storms (refer to Table 5.1). DFs in the MPC have also been determined based on the in-
sewer dilutions at the two different manholes, FIV 37 and FIV 7, and sewer overflow 
commencing at high and low flow DWF.  
 
To test the significance of the variation of key variables on the likely dilution of raw sewage in 
the MPC, a quantitative comparison of DFs in Figures 5.27 to 5.30 is provided in this section 
for each of the following key variables: 
 
• Storm frequency (ARI) 
• Storm duration 
• Sewer flows at FIV7 and FIV37 manholes 
• Sewer overflow commencing at times of low and high dry weather sewer flow 
 
The quantitative comparison also highlights various patterns associated with each of the 
conditions of the key variables, helping to confirm whether patterns are as they should be. 
Furthermore, it highlights which variables are most critical in terms of affecting the predicted 
concentrations, which is important in terms of the present study and for future modelling.  
 
In this section, the lowest and the highest DF are also compared to provide the complete 
range in DFs and hence MPC concentrations as a result of the different scenarios. The 
results provide an indication of how important it is to consider the variation in key variables in 
predicting MPC concentrations as a result of sewer overflow. Finally, the scenario producing 
hydraulic and hydrologic conditions that would result in the least dilution of the raw sewage 
as a result of sewer overflow in the MPC is identified for use in Chapters 6 and 7 to represent 
the worst-case conditions for risk screening.  
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Figure 5.27 Overall dilution factors for raw sewage contaminants in the 
MPC based on in-sewer dilutions at manhole FIV 7 (sewer overflow 
starts at high DWF) 
 
Figure 5.29 Overall dilution factors for raw sewage contaminants in the 
MPC based on sewer dilutions at manhole FIV 7 (sewer overflow 
occurs at low DWF)  
 
Figure 5.28 Overall dilution factors for raw sewage contaminants in the 
MPC based on in-sewer dilutions at manhole FIV 37 (sewer overflow 
starts at high DWF) 
 
Figure 5.30 Overall dilution factors for raw sewage contaminants in the 
MPC based on sewer dilutions at manhole FIV 37 (sewer overflow 
commences at low DWF) 
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Storm frequency (ARI) 
 
Table 5.5 shows the factor change in DFs between the 1 and 5 year, 1 and 10 year and 5 
and 10 year storm events, where sewer overflow was simulated to commence at a time of 
high DWF. The factor change refers to the multiplier that takes you from the initial DF to the 
changed DF. The factor change in DF can be calculated by taking the changed DF and 
dividing it by the initial DF. For example, in Table 5.5 for a 30 minute duration storm, based  
on sewer flows at manhole FIV 7, the DF changes by a factor of 1.41 from the 1 year to the 5 
year storm. This factor change is derived from taking the changed DF for the 5 year event of 
0.0027 and dividing it by the initial DF for the 1 year event of 0.0019. 
 
Table 5.5 Factor change in DFs in the MPC between the different storm frequencies (ARIs) 
(based on DFs when sewer overflow commences at high DWF). 
Storm 
duration 
(hours) 
Sewer 
manhole 
1 year 
DF 
5 year 
DF 
10 year 
DF 
∆ DF 
1-5 year 
(factor 
change) 
∆ DF 
1-10 year 
(factor 
change) 
∆ DF 
5-10 year 
(factor 
change) 
0.5 FIV 37 0.0011 0.0014 0.0012 1.20 1.02 0.85 
 
FIV 7 0.0019 0.0027 0.0023 1.41 1.18 0.84 
2 FIV 37 0.00105 0.00096 0.00079 0.91 0.75 0.82 
 
FIV 7 0.00176 0.0017 0.0015 1.00 0.86 0.86 
6 FIV 37 0.00068 0.0007 0.0006 1.01 0.82 0.82 
 
FIV 7 0.00088 0.0012 0.0011 1.38 1.21 0.88 
12 FIV 37 0.00060 0.0005 0.00041 0.85 0.68 0.80 
 
FIV 7 0.00077 0.0009 0.00076 1.17 0.98 0.84 
24 FIV 37 0.00038 0.00037 0.00033 0.97 0.86 0.88 
 
FIV 7 0.00046 0.00062 0.00060 1.35 1.30 0.96 
48 FIV 37 0.00043 0.00042 0.00035 0.97 0.81 0.84 
 
FIV 7 0.00056 0.00069 0.00062 1.23 1.11 0.90 
 
Table 5.5 shows that the change in DF between the ARIs differs depending on the storm 
durations. For the 1 year storms, the 5 year events are mostly higher, as shown by a factor 
change of greater than 1 in Column 6. The highest factor change between the DF for the 
storms with a 1 year and 5 year ARI is the 30 minute duration storm with sewer flows based 
on manhole FIV 7. For this event, the 5 year storm is 1.41 times the DF of the 1 year storm. 
This also means that the concentration for the 5 year storm will be 1.41 times less than for 
the 1 year storm (because as the DF increases, the dilution decreases). Table 5.5 shows that 
the DFs for the 1 year events are greater than the 10 year events, for the majority of 
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scenarios, as shown by a factor change of less than 1 in Column 7 (for seven out of twelve 
scenarios). The highest factor change between the DF for the 1 year and 10 year ARIs is the 
12 hour duration storm with sewer flows based on manhole FIV 37, where the 10 year storm 
is 0.68 times the DF of 1 year storm. The DFs for the 10 year storms are all smaller than the 
5 year events, as evidenced by the change from the 5 year to the 10 year event all being less 
than a factor of 1, as shown in Column 8. The highest factor change in DF between the 5 and 
10 years storms is for the 12 hour duration storm based on sewer flows at FIV 37, where the 
DF for the 10 year storm is 0.80 times the DF for the 5 year storm.  
 
Table 5.6 shows the factor change in the DF in the MPC between storm frequencies (ARIs) 
where sewer overflow was simulated to commence at a time of low DWF. Table 5.6 shows 
that the DFs for the 5 year and 10 year events are mostly higher than the 1 year storm, as 
shown by a factor change of greater than 1 in Column 6 and 7. Hence, the in-stream MPC 
concentration will also be mostly lower for the 5 and 10 year events. The highest factor 
change between the DFs for the 1 year storms and those of the other storm frequencies 
occurs for the 30 minute and 2 hour duration storms, with the longer duration storms 
resulting in a factor change closer to 1.  
 
Table 5.6 Factor change in DFs in the MPC between the different storm frequencies (ARIs) 
(based on DFs when sewer overflow commences at low DWF). 
Storm 
duration 
(hours) 
Sewer 
manhole 
1 year 
DF 
5 year 
DF 
10 year 
DF 
∆ DF 
1 -5 year 
(factor 
change) 
∆ DF 
1-10 year 
(factor 
change) 
∆ DF 
5-10 year 
(factor 
change) 
0.5 FIV 37 0.00010 0.00023 0.00022 2.32 2.15 0.92 
 
FIV 7 0.0001 0.0004 0.0003 3.00 2.73 0.91 
2 FIV 37 0.00016 0.00052 0.00057 3.23 3.49 1.08 
 
FIV 7 0.00021 0.0007 0.0009 3.56 4.47 1.25 
6 FIV 37 0.00050 0.00059 0.00050 1.18 0.99 0.83 
 
FIV 7 0.00056 0.0010 0.0009 1.79 1.60 0.89 
12 FIV 37 0.00051 0.00043 0.00037 0.85 0.72 0.85 
 
FIV 7 0.00060 0.0007 0.00068 1.20 1.13 0.94 
24 FIV 37 0.00033 0.00031 0.00027 0.92 0.82 0.89 
 
FIV 7 0.00038 0.00050 0.00048 1.32 1.27 0.96 
48 FIV 37 0.00032 0.00031 0.00031 0.95 0.96 1.01 
 
FIV 7 0.00039 0.00047 0.00054 1.20 1.37 1.14 
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Part of the reason for this was discussed earlier in Sections 5.4.1. For the 5 and 10 year 
events for storm durations greater than 30 minutes, the overflow commenced at low DWF but 
proceeded until a time of high DWF. Similarly, for the 1 year longer duration storms (> 2 
hours), the overflows also proceeded until a time of high DWF. However, for the 1 year 30 
minute and 2 hour storms overflow occurred only during the low DWF period. This results in 
comparatively lower in-sewer dilutions for the 1 year 2 hour duration storms than the 5 and 
10 year 2 hour storms (refer to Figures F1 and F2). In addition, for both the 1 year 30 minute 
and 2 hours storms the dilution of sewer overflow in the MPC was much lower than for the 30 
minute and 2 hour 5 and 10 year storms (refer to Figures F7 and F8). These two factors 
result in less overall dilution of raw sewage in the MPC for the 1 year 30 minute and 2 hour 
duration storms than the 30 minute and 2 hour 5 and 10 year storms, as demonstrated in 
Table 5.6. 
 
Storm duration  
 
Figures 5.27 and 5.28 above show that overall there is a decrease in DF as storm duration 
increases when sewer overflow commences at high DWF. Therefore, the MPC 
concentrations from sewer overflow are likely to be less for the longer duration storms. 
Tables 5.7 and 5.8 include the storm durations that yield the biggest factor change in DF in 
the MPC for each of the associated storm ARIs, based on sewer flows at FIV 7 and FIV 37 
respectively with the overflow commencing at high DWF. In this case, the maximum change 
in DF occurs between the 30 minute storms (SD1) and the 24 hour storms (SD2). Table 5.7 
shows that the DF for the 30 minute storm, is approximately 4 times the DF of the 24 hour 
storm for the 1, 5 and 10 year events. The factor change is slightly less when in-sewer flows 
are based on manhole FIV 37. Table 5.8 shows that the DF for the 30 minute storm, is 
approximately 3 to 3.5 times the DF of the 24 hour storm for the 1, 5 and 10 year events. 
 
Table 5.7 Factor change in DFs in the MPC between different storm durations (based on DFs 
when sewer overflow commences at high DWF and sewer flows at FIV 7). 
Storm duration (SD) 
(hours) 
1 year DF 5 year DF 10 year DF 
SD1: 0.5 0.0019 0.0027 0.0023 
SD2: 24 0.00046 0.00062 0.00060 
∆DF SD1-SD2  
(factor change) 
4.19246 4.37103 3.80557 
 
The pattern of the DFs relative to storm duration is different when flows are based on sewer 
overflow commencing at low DWF, as shown in Figures 5.29 and 5.30 above. The DF does 
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not necessarily decrease with increasing storm duration. Rather, Tables 5.9 and 5.10 show 
that of all the durations the 30 minute storm has the lowest DF. This can be traced back to 
Section 5.4.1, which showed that particularly for the longer duration storms, whilst the 
overflow started at low DWF it continued through a period of high DWF. This results in less 
dilution of DWF in the sewer and overall dilution in the MPC (as shown by the higher DFs for 
storms longer than 30 minutes).  
 
Table 5.8 Factor change in DFs in the MPC between different storm durations (based on DFs 
when sewer overflow commences at high DWF and sewer flows at FIV 37). 
Storm duration (SD) 
(hours) 
1 year DF 5 year DF 10 year DF 
SD1: 0.5 0.0011 0.0014 0.0012 
SD2: 24 0.00038 0.00037 0.00033 
∆DF SD1-SD2  
(factor change) 
2.99798 3.69272 3.56750 
 
Tables 5.9 and 5.10 show that when sewer flows are based on sewer overflow commencing 
at low DWF, the storm durations which produced the greatest change in DF are different for 
the 1, 5 and 10 year events. Table 5.9 shows that for the 1 year storm the biggest factor 
change is between the 30 minute and 12 hour storm, the DF for the 12 hour storm being 5 
times the DF for the 30 minute storm. For the 5 year storm, the biggest factor change is 
between the 30 minute and 6 hour storm, the DF for the 12 hour storm being 2.5 times the 
DF for the 30 minute storm. Finally, for the 10 year storm the biggest factor change is 
between the 30 minute and 2 hour storm, the DF for the 2 hour storm being 2.6 times the DF 
for the 30 minute storm. 
 
Table 5.9 Factor change in DFs in the MPC between different storm durations (based on DFs 
when sewer overflow commences at low DWF and sewer flows at FIV 37). 
Storm duration (SD) 
(hours) 
1 year DF 5 year DF 10 year DF 
SD1: 0.5 0.00010 0.00023 0.00022 
SD2: 2 - 
 
0.00057 
SD2: 6 - 0.00059 
 
SD2: 12 0.00038 - - 
∆DF SD1-SD2  
(factor change) 
5.06 2.54 2.63 
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Table 5.10 shows that when flows are based on manhole FIV 7 at low DWF, the greatest 
factor change between storm durations is approximately the same as when flows are based 
on manhole FIV 37, as shown in Table 5.10. Unlike when sewer flows are based on manhole 
FIV 37 however, Table 5.10 shows that the greatest change in DF occurs between the 30 
minute and 6 hour storm for the 10 year event rather than between the 30 minute and 2 hour 
event. 
 
Table 5.10 Factor change in DFs in the MPC between different storm durations (based on 
DFs when sewer overflow commences at low DWF and sewer flows at FIV 7). 
Storm duration (SD) 
(hours) 
1 year DF 5 year DF 10 year DF 
SD1: 0.5 0.0001 0.0004 0.0003 
SD2: 6 - 0.001 0.0009 
SD2: 12 0.0006 - - 
∆DF SD1-SD2  
(factor change) 
4.76 2.62 2.58 
 
Sewer flows based on manholes FIV 7 and FIV 37  
 
Table 5.11 shows the factor change between the DFs in the MPC where in-sewer flows 
(WWF and DWF) are based on manhole FIV 37 and manhole FIV 7 and overflow 
commences at high DWF. Table 5.12 shows the factor change between the DFs in the MPC 
where in-sewer flows (WWF and DWF) are based on manhole FIV 37 and manhole FIV 7 
and overflow commences at low DWF. 
 
Tables 5.11 and 5.12 show that for the 1, 5 and 10 year events, the DFs derived based on in-
sewer flows from manhole FIV7 are higher than from manhole FIV 37, as shown by the factor 
change being greater than 1, when the overflow commences at high and low DWF. This 
result is not unexpected, as manhole FIV 7 is at the bottom of the catchment, which would 
result in more losses from the system at this point and therefore less dilution of raw sewage 
in the sewer than at manhole FIV 37 (as shown by higher DFs in the sewer at manhole FIV 
7, refer to Figures F1 and F2). This results in less overall dilution in the MPC and higher 
concentrations when the in-sewer dilutions were based on manhole FIV 7.  
 
Tables 5.11 shows that when overflow commences at high DWF, the highest factor change 
in DF between the two manholes occurs for the 30 minute 5 year event, when the DF based 
on flows at the FIV 7 manhole is 1.98 times the DF based on flows at the FIV 37 manhole. 
Hence, for this event, the dilution of raw sewage in the MPC where in-sewer flows are based 
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on those at manhole FIV 7 will be 1.98 times less than if in-sewer flows are based on 
manhole FIV 37.  
 
Table 5.11 Factor change between DFs in the MPC where in-sewer flows are based on 
manhole FIV 37 and FIV 7 (when overflow commences at a time of high DWF)  
 
Storm 
duration 
(hours) 
1 year 5 year 10 year 
FIV7 
DF 
FIV37 
DF 
∆DF 
FIV37-
FIV7 
FIV7 
DF 
FIV37 
DF 
∆DF 
FIV37-
FIV7 
FIV7  
DF 
FIV37 
DF 
∆DF 
FIV3
7-
FIV7 
0.5 0.0019 0.0011 1.68 0.0027 0.0014 1.98 0.0023 0.0012 1.94 
2 0.00176 0.00105 1.67 0.0017 0.00096 1.82 0.0015 0.00079 1.90 
6 0.00088 0.00068 1.30 0.0012 0.0007 1.78 0.0011 0.0006 1.91 
12 0.00077 0.00060 1.29 0.0009 0.0005 1.76 0.00076 0.00041 1.84 
24 0.00046 0.00038 1.20 0.00062 0.00037 1.67 0.00060 0.00033 1.82 
48 0.00056 0.00043 1.29 0.00069 0.00042 1.65 0.00062 0.00035 1.78 
 
Table 5.12 shows that when overflow commences at low DWF the highest factor change in 
DF between the two manholes occurs for the 12 hour 10 year event, when the DF based on 
flows at the FIV 7 manhole is 1.85 times the DF based on flows at the FIV 37 manhole. 
Hence, the dilution of raw sewage in the MPC where in-sewer flows are based on those at 
manhole FIV 7 will be 1.85 times less than if in-sewer flows are based on manhole FIV 37.  
 
Table 5.12 Factor change between DFs in the MPC where in-sewer flows are based on 
manhole FIV 37 and FIV 7 (when overflow commences at a time of low DWF) 
Storm 
duration 
(hours) 
1 year 5 year 10 year 
FIV7  
DF 
FIV37 
DF 
∆DF 
FIV37-
FIV7 
FIV7 
DF 
FIV37 
DF 
∆DF 
FIV37-
FIV7 
FIV7  
DF 
FIV37 
DF 
∆DF 
FIV3
7-
FIV7 
0.5 0.0001 0.00010 1.26 0.0004 0.00023 1.63 0.0003 0.00022 1.60 
2 0.00021 0.00016 1.28 0.0007 0.00052 1.40 0.0009 0.00057 1.63 
6 0.00056 0.00050 1.11 0.0010 0.00059 1.68 0.0009 0.00050 1.80 
12 0.00060 0.00051 1.19 0.0007 0.00043 1.67 0.00068 0.00037 1.85 
24 0.00038 0.00033 1.14 0.00050 0.00031 1.63 0.00048 0.00027 1.76 
48 0.00039 0.00032 1.23 0.00047 0.00031 1.55 0.00054 0.00031 1.75 
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Sewer overflow commencing at times of low and high DWF 
 
Tables 5.13 and 5.14 show the factor change in DF in the MPC when the sewer overflow is 
simulated to commence at a time of low DWF and when it is simulated to commence at a 
time of high DWF, based on sewer flows at manhole FIV 7 and FIV 37 respectively. For all 
storm events, the DF in the MPC when the sewer overflow commences at a time of high 
DWF is greater than when the sewer overflow commences at low DWF, as shown by a factor 
change of greater than 1 in Tables 5.13 and 5.14. Hence, the dilution will be less in the MPC 
when the sewer overflows at a time of high DWF and thus concentrations will be less. This 
result is expected and is primarily due to the dilution of raw sewage in the sewer being lower 
at a time of high DWF (as shown by higher in-sewer DFs at high DWF, refer to Figures F1 
and F2) as there is greater DWF in the sewer, resulting in an overall lesser dilution in the 
MPC. The dilution of sewer overflow in the MPC is also mostly lower at a time of high DWF 
(refer to figures F7 and F8), which also contributes to an overall lesser dilution of raw sewage 
contaminants in the MPC when sewer overflow commences at high DWF. 
 
For the longer duration storms, the factor change is close to 1. However, for the storms of 
less than 2 hours duration, and in particular the 30 minute storms, the factor change is 
greater. In fact, for the 1 year 30 minute storm based on sewer flows at manhole FIV 7, the 
DF in the MPC when sewer overflow commences at high DWF is 15.22 times the DF if the 
sewer overflow occurs at low DWF (see Table 5.13). Therefore, the dilution is also 15.22 
times less when overflow commences at high DWF. This variation in DF is an order of 
magnitude which is similar to what may be expected for stormwater run-off. 
 
Table 5.13 Factor change in DF in the MPC when overflow commences at a time of low and 
high DWF (sewer flows based on manhole FIV 7) 
Storm 
duration
(hours) 
HIGH LOW 
∆DF 
LOW-
HIGH 
HIGH LOW ∆DF 
LOW
-
HIGH 
HIGH LOW 
∆DF 
LOW-
HIGH 
1 year 
DF 
1 year  
DF 
5 year 
DF 
5 year 
DF 
10 year 
DF 
10 year 
DF 
0.5 0.0019 0.0001 15.22 0.0027 0.0004 7.15 0.0023 0.0003 6.59 
2 0.00176 0.00021 8.48 0.0017 0.0007 2.37 0.0015 0.0009 1.63 
6 0.00088 0.00056 1.57 0.0012 0.0010 1.21 0.0011 0.0009 1.19 
12 0.00077 0.00060 1.28 0.0009 0.0007 1.24 0.00076 0.00068 1.11 
24 0.00046 0.00038 1.21 0.00062 0.00050 1.23 0.00060 0.00048 1.23 
48 0.00056 0.00039 1.42 0.00069 0.00047 1.46 0.00062 0.00054 1.15 
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As discussed earlier, for the longer duration storms, whilst sewer overflow may commence at 
low DWF, the overflow proceeds until a time of high DWF. Hence, the difference between the 
DWF and the resulting DFs would be less for these longer storms. On the other hand, for the 
1, 5 and 10 year 30 minute storms and the 1 year 2 hour storm, the sewer overflows during 
the low DWF period only or almost entirely. Hence, the dilution in the sewer for storms where 
the overflow occurred over the entire low DWF period is likely to be much greater than if it 
crosses over into a time of high DWF. This is confirmed in Figures F1 and F2, which show a 
much lower DF for the 1, 5 and 10 year 30 minute storms and the 1 year 2 hour storms. As a 
result, the dilution in the MPC when sewer overflow commences at low DWF will also be 
much greater for these storms, as confirmed in Tables 5.13 and 5.14.   
 
Table 5.14 Factor change in DF in the MPC when overflow commences at a time of low and 
high DWF (sewer flows based on manhole FIV 37) 
Storm 
duration 
(hours) 
HIGH LOW 
∆DF 
LOW -
HIGH 
HIGH LOW ∆DF 
LOW 
-
HIG
H 
HIGH LOW 
∆DF 
LOW -
HIGH 
1 year   
DF 
1 year 
DF 
5 year 
DF 
5 year 
DF 
10 year 
DF 
10 year 
DF 
0.5 0.0011 0.0001 11.41 0.0014 0.00023 5.89 0.0012 0.00022 5.43 
2 0.00105 0.00016 6.48 0.00096 0.00052 1.83 0.00079 0.00057 1.39 
6 0.00068 0.0005 1.35 0.0007 0.00059 1.15 0.0006 0.00050 1.12 
12 0.00060 0.00051 1.18 0.0005 0.00043 1.18 0.00041 0.00037 1.11 
24 0.00038 0.00033 1.14 0.00037 0.00031 1.21 0.00033 0.00027 1.19 
48 0.00043 0.00032 1.35 0.00042 0.00031 1.37 0.00035 0.00031 1.13 
 
Overall, the DFs observed for each of the conditions of the key variables discussed above 
follow a logical pattern and further verify the simulated hydraulic and hydrologic data. The 
concentration of stormwater run-off between different storms can be very different, even 
within the same catchment (Chiew et al., 1997). For example, faecal indicators have been 
shown to vary by up to two orders of magnitude for different events (McCarthy et al., 2006; 
NRMMC et al., 2009). Furthermore, the variation between metals and nutrients was shown to 
be either within the same order of magnitude or up to one order of magnitude (Duncan, 1999; 
NRMMC et al., 2009). Therefore, when compared to these differences, the factor change in 
DF in the MPC for each of the key variables discussed above, which is mostly within the 
same order of magnitude and close to a factor of 1, appears to be minimal. On the other 
hand, where predicted MPC concentrations from sewer overflow are close to the water 
quality objective, the factor change in the DFs could be the decisive factor influencing 
whether or not the objective is exceeded. Whilst for many combinations of the key variables 
the factor change was close to 1, the maximum factor change discussed in the next section 
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was often much greater. This further highlights the importance of accounting for the 
variability in these hydraulic and hydrologic variables.  
 
Maximum factor change in the DF in the MPC for each of the key hydraulic and 
hydrologic variables 
 
Certain variables were shown to impact on the DF more than others and are therefore 
perhaps more critical in terms of predicting MPC concentrations. To gain an understanding of 
the key variables that result in the greatest factor change in DF, Table 5.15 shows the 
maximum factor change in DF recorded for all the variables. Table 5.15 shows that whether 
the overflow occurs at a time of low or high DWF results in the greatest factor change of all 
the variables. This is the only variable where the maximum variation in DF is an order of 
magnitude, which is similar to what may be expected for stormwater run-off. As already 
mentioned however, based on this variable, the longer duration storms are close to a factor 1 
as the overflow proceeds over low and high DWF periods, regardless of when it started. The 
raw sewage concentration also varies at a time of low and high DWF (refer to Chapter 3 and 
Chapter 6) and as shown in Chapter 8, will add to the variation between DFs resulting from 
this variable. The storm duration has the next highest maximum factor change in the DF in 
the MPC of 5. This is similar to the maximum change for the different storm frequencies 
(ARIs), which have a maximum factor change of 4.5. The factor change between the DFs 
based on the different storm frequency (ARI) was mainly close to 1, with the exception of the 
change between the 1 year short storms with the respective 5 and 10 year events, when the 
overflow commenced at low DWF. As already mentioned, this was due to a greater dilution in 
the sewer for the 1 year 2 hour storm, and greater dilution of sewer overflow in the MPC for 
the 1 year 2 hour and 30 minute storms than for the 30 minute and 2 hour 5 and 10 year 
events. The maximum factor change in DF as a result of sewer flows between the two 
manholes (FIV 7 and FIV 37) in Table 5.15 is the lowest of all the variables. Hence, a 
variation in this variable is also the least important. 
 
Table 5.15 Maximum factor change in the DF in the MPC due to a variation of each of the 
key variables 
Variable 
Maximum change in DF 
(factor change) 
ARI 4.47 
Duration 5.06 
Low/High DWF 15.22 
Manhole FIV 7/FIV 37 1.98 
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Factor change between the lowest and the highest DF  
 
Calculation of the factor change between the lowest and the highest DF in the MPC provides 
the total variation that may be expected between the different scenarios explored to generate 
these DFs. Of all the scenarios, the combination of key hydraulic and hydrologic variables 
that results in the lowest DF was afforded by the 30 minute storm, with an ARI of 1 year, with 
sewer overflow commencing at low DWF and sewer flows based on manhole FIV 37. The 
highest DF was afforded by the 5 year 30 minute storm, where sewer overflow commenced 
at high DWF and sewer flows were based on manhole FIV 7.  
 
Table 5.16 shows the DFs for these two events and the factor change from the lowest to the 
highest DF. The highest DF is twenty-seven times the lowest DF. This variation is similar to 
what may be found for stormwater and could significantly alter findings on the impacts from 
sewer overflow. Hence, the results which show a variation of an order of a magnitude 
indicate the importance of accounting for the variability in the in-stream concentration 
inherent in the overflow events, rather than predicting a point estimate. Conservative or 
worst-case estimates of concentrations in the MPC will result using the hydraulic and 
hydrologic data from the scenario which provides the highest DF as shown in Table 5.16, 
and can be used in the risk screening process in Chapters 6 and 7.   
 
Table 5.16 Factor change between the lowest and highest DF in the MPC  
Highest DF Lowest DF 
Change in DF 
Lowest - Highest 
(factor change) 
0.0027 0.0001 27 
 
5.8 Summary and Conclusions 
 
This chapter has presented the hydraulic and hydrologic data, which will be used in the mass 
balance model in Chapter 6 to predict the concentration of contaminants in the MPC as a 
result of sewer overflow. The dilution of raw sewage at each stage of the overflow event and 
most importantly in the receiving waterway was determined. Furthermore, this chapter tested 
the assumption that the variability in hydrologic and hydraulic conditions would significantly 
influence predicted Moonee Ponds Creek (MPC) concentrations. It was important to test this 
assumption in order to determine the necessity to account for the variability in hydrologic and 
hydraulic conditions when predicting in-stream concentrations. 
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During a wet weather sewer overflow, dilution of raw sewage occurs at various stages, 
including in the sewer itself and then following overflow, in the Five Mile Creek (FMC) and. 
MPC. Specific key hydraulic and hydrologic variables were identified, variations in which 
would result in different flows in the sewer and receiving waterways and therefore variations 
in dilution and concentration at each of the stages of the overflow. The variables included 
storm frequency, storm duration, level of dry weather sewer flow (DWF) when the sewer 
overflow commences and location within the sewer at which the sewer flows are simulated.  
 
Initially, using suitable models, flows were simulated in the sewer, sewer overflow, FMC and 
MPC, based on a range of conditions for these key variables. Using the flow hydrographs 
simulated from the models, an overall dilution factor (DF) for raw sewage contaminants in the 
MPC was determined. Sensitivity analysis was then performed to determine the sensitivity of 
DFs in the MPC (and hence MPC concentrations) to a variation in key hydraulic and 
hydrologic variables. Sensitivity analysis included a quantitative comparison of dilution 
factors for different events or scenarios. 
 
Findings of the sensitivity analysis showed that the factor change in DF in the MPC between 
each of the conditions of the key variables was often close to a factor of 1, where 1 indicates 
no change. Furthermore, for all but the level of DWF when the sewer overflow commences, 
the maximum factor change in the DF in the MPC for each of the key variables was within 
the same order of magnitude. When compared to the difference in stormwater 
concentrations, which has been shown to vary by up to one to two orders of magnitude 
between events, the difference in DF in the MPC due to a variation in key variables may 
appear to be minimal. On the other hand, where predicted MPC concentrations are close to 
the water quality objective, the factor change in the DFs may be the decisive factor 
influencing whether or not the objective is exceeded. Furthermore, whilst for many 
combinations of the key variables the factor change was close to 1, the maximum factor 
change was often much greater. Hence, each of these variables has the ability to alter 
findings in relation to the impacts from sewer overflow and supports the view that this 
variability should be considered when predicting concentrations and risk outcomes.   
 
The difference between the DFs when the sewer overflow commences at a time of low and 
high DWF can be up to an order of magnitude, which is similar to what is seen for stormwater 
pollution. Furthermore, it is likely that this difference will increase significantly when the 
difference in raw sewage concentration at these two times is also considered (which is 
confirmed in Chapter 8). Hence, of all the variables, whether the sewer overflow commences 
at high or low DWF has the greatest potential to significantly alter the predicted 
concentrations in the MPC and therefore should be considered not only in the present study, 
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but for any future modelling. The maximum factor change in DF in the MPC as a result of 
sewer flows between the two manholes (FIV 7 and FIV 37) was the lowest and hence is the 
least critical of the variables. The maximum factor change in DF in the MPC based on 
varying storm frequency and duration was similar. Hence, these two variables are equally 
important.   
 
The combination of the hydrologic and hydraulic conditions for each key variable that would 
result in the lowest (best-case) and highest (worst-case) DF in the MPC was identified. This 
provided an indication of the total range of variation in MPC concentrations that can be 
expected due to a variation in hydrologic and hydraulic conditions. Results showed that the 
highest DF was twenty-seven times higher than the lowest DF and hence the variation in 
MPC concentration would span an order of magnitude. This is similar to what may be found 
for stormwater and could significantly alter findings on the impacts from sewer overflow. This 
result also supports the assumption that a variation in hydraulic conditions can significantly 
impact on predicted concentrations. Therefore, the variability in the in-stream concentration 
due to differing hydraulic and hydrologic conditions should be accounted for, which will be 
missed if a point estimate is relied upon  
 
Hydraulic and hydrologic data for use in the mass balance model were generated from a 
comprehensive range of hydrologic and hydraulic conditions for each of the key variables in 
this chapter. Therefore, the prediction of concentrations based on a variation of these 
conditions will adequately account for the likely variation in MPC concentrations and is used 
to generate a probability distribution of in-stream MPC concentrations in Chapter 8. Initially 
however, a conservative estimate of in-stream MPC concentrations based on the worst-case 
dilution factor is used in Chapter 6 and 7 for risk screening purposes.  
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CHAPTER 6 
PREDICTING CONCENTRATIONS OF CONTAMINANTS IN WET 
WEATHER SEWER OVERFLOW AND RECEIVING WATERWAYS 
USING A MASS BALANCE MODEL 
 
6.1 Introduction 
 
The previous chapter presented the varying flows and resulting dilution factors in the sewer 
and receiving waterways produced by varying hydraulic and hydrologic conditions during a 
wet weather sewer overflow event. It was found that there is likely to be a significant impact 
on dilution factors in the Moonee Ponds Creek (MPC), and hence MPC concentrations, as a 
result of variations in specific key hydraulic and hydrologic variables including storm 
frequency and duration, level of dry weather sewer flow (DWF) when the sewer overflow 
commences, and the location within the sewer at which the sewer flows are generated. 
Reliance on point estimates of concentration may cause important information to be missed. 
Therefore, the variability in the receiving waterway concentrations due to differing hydrologic 
and hydraulic conditions, which inevitably will affect risk outcomes, should be accounted for.   
 
This chapter combines concentration data and hydrological dilutions found in the previous 
chapter to predict levels of contaminants in wet weather sewer overflows and receiving 
waters. First, worst-case hydraulic and hydrologic conditions and concentration data were 
chosen which yield the highest or worst-case MPC concentrations as a result of wet weather 
sewer overflow. These predicted worst-case MPC concentrations form part of the risk 
screening phase (presented in Chapter 7), in which the worst possible scenario is used to 
determine the risk level. For those contaminants requiring further investigation, a more 
rigorous semi-quantitative assessment of risk is then undertaken (presented in Chapter 8 on 
Bayesian networks). For the semi-quantitative risk assessment in Chapter 8, in-stream MPC 
concentrations resulting from the entire range of possible hydraulic and hydrologic conditions 
investigated in the present study are predicted, and probability distributions of these 
concentrations are generated. 
 
This chapter outlines the simulation of concentrations based on the worst-case scenario to 
be used in the risk screening phase in the following chapter. The chapter first reviews the 
raw sewage and stormwater run-off concentration data which are to be used in the simulation 
model. Then the various equations to determine the simulated MPC concentrations resulting 
from wet weather sewer overflow and stormwater run-off are outlined. Sensitivity analysis 
was then performed to determine the degree to which input concentration variables in the 
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simulation model affect predicted contaminant concentrations in the wet weather sewer 
overflow and the receiving waterway. The results show which concentration input has the 
most impact on the uncertainty of the results and where further data collection should be 
targeted. The results also indicate which concentration input is likely to be a larger threat to 
the MPC. Finally, simulated MPC concentrations from stormwater run-off are compared with 
the measured MPC wet weather without sewer overflow concentration data from Chapter 4 
to provide an indication of the reliability of the simulated results.  
 
6.2 Summary of raw sewage and stormwater concentrations used in the simulation 
model  
 
To predict concentrations in wet weather sewer overflow and the resulting MPC 
concentrations, in addition to hydraulic and hydrologic data, concentration data are also 
required. Figure 6.1 shows the events involved in wet weather sewer overflow and the input 
concentrations required for the simulation model.   
 
 
Figure 6.1 Process of wet weather sewer overflow and input concentration variables for the 
simulation model  
 
Figure 6.1 shows that following rainfall, stormwater both inflows and infiltrates into the sewer 
and also discharges via the Five Mile Creek (FMC) as run-off to the MPC. As discussed in 
Chapter 5, due to stormwater inflow/infiltration (I/I) into the sewer, the raw sewage (also 
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defined as DWF) is diluted in the sewerage system. The combination of DWF and 
stormwater I/I make up the wet weather flow (WWF) in the sewer. Wet weather sewer 
overflow, which is caused when the WWF reaches the hydraulic capacity of the sewer, 
enters the FMC, combining with the stormwater run-off which then discharges to the MPC. 
Contaminants in the raw sewage or DWF and also stormwater I/I which make up the 
contaminants present in wet weather sewer overflow are diluted in the FMC and then further 
in the MPC. Contaminants in the FMC stormwater run-off are also diluted when they reach 
the MPC. A summary of the contaminant concentration input pathways which undergo 
dilution during a wet weather sewer overflow event which are highlighted in red in Figure 6.1 
include: 
 
• Raw sewage (DWF) 
• Stormwater I/I 
• Stormwater or FMC run-off (prior to wet weather sewer overflow) 
  
These three initial concentrations prior to dilution are our input concentrations for the 
simulation model and are discussed in this section. 
 
The raw sewage concentrations used in the simulation model are taken from the raw sewage 
sampling results summarised in Chapter 4 and are presented in Tables 6.1 to 6.3. As already 
mentioned in the introduction, the MPC concentrations simulated in this chapter will be used 
in the initial screening of risks presented in Chapter 7, which involves a worst-case or 
conservative estimate of risk. Therefore, worst-case raw sewage concentrations are 
required. Chapter 4 showed that at high DWF, concentrations of contaminants were mostly 
higher than at low DWF. Hence the 95th percentile (PCL) of raw sewage data taken at high 
DWF, which was summarized in Chapter 4, is used to provide a worst-case scenario of raw 
sewage concentrations for use in the simulation model in this chapter.  
 
As shown in Figure 6.1, it was also assumed that the inflow and infiltration of stormwater into 
the sewer during a storm event would carry some level of contamination. A contaminant 
balance model developed for urban residential water systems included sewer infiltration as a 
contaminant source (Gray and Becker, 2002). It was assumed that during stormwater 
infiltration into the sewer, a significant reduction in contaminant concentrations is likely due to 
adherence of contaminants to soil particles. Consequently, it was assumed that most 
contamination would arise through stormwater inflow. Given this assumption and that there is 
more uncertainty in estimating a stormwater infiltration concentration due to the unknown 
effect of this process on contaminant levels, stormwater inflow rather than infiltration 
concentrations are used in the simulation model for this study. As there were no measured or 
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suitable published data specifically for stormwater inflow, the concentration was assumed to 
be identical to the FMC stormwater run-off, which is discussed below and is summarized in 
Tables 6.1 to 6.3.  
 
A comparison of MPC concentrations resulting from wet weather sewer overflow and 
stormwater run-off (without sewer overflow) is a critical component of risk screening 
presented in Chapter 7. Hence, in addition to stormwater inflow and raw sewage 
concentrations, which make up the contaminant inputs for wet weather sewer overflow, 
concentrations in the MPC as a result of FMC stormwater run-off without sewer overflow 
were required. MPC concentrations as a result of stormwater run-off without sewer overflow 
were measured for one storm event, providing an initial indication of impacts from stormwater 
and were presented in Chapter 4. Simulation of MPC concentrations as a result of 
stormwater run-off is undertaken in this chapter to enable a direct comparison with MPC 
concentrations resulting from wet weather sewer overflow based on worst-case hydraulic and 
hydrologic conditions (presented in Chapter 7). A comparison of measured wet weather 
without sewer overflow data from Chapter 4 and simulated stormwater run-off (without sewer 
overflow) concentrations is provided in this chapter to test the reliability of the simulated 
concentrations.  
 
Initial FMC stormwater run-off concentrations (refer to Figure 6.1), which are ultimately used 
to predict MPC concentrations resulting from stormwater run-off, were sourced primarily from 
published data in the Australian Guidelines for Water Recycling (Phase 2) Stormwater 
Harvesting and Reuse (NRMMC et al., 2009). The stormwater concentration data in these 
guidelines are based on a comprehensive review, analysis and collation of an extensive 
range of Australian-sourced urban stormwater concentration data. Therefore, due to its 
comprehensive nature and focus on Australian urban data, concentrations reported in these 
guidelines were chosen to represent stormwater inflow and FMC stormwater run-off 
concentrations in Figure 6.1. The 95th PCL value reported in these guidelines was used to 
provide a worst-case scenario for initial risk screening purposes. Where there were no 
suitable published data, maximum concentrations measured in the FMC during the one wet 
weather event were used and (except for metals) are from Chapter 4. 
 
Measured concentrations of dissolved metals in the FMC were presented in Chapter 4. As 
raw sewage and published stormwater data refer to the total metal concentration, total rather 
than dissolved metals measured in the FMC (for the one storm event) are used in the 
simulation model (if there are no published data available) and are presented for the first time 
in this chapter. In using the published average maximum (95th PCL) values and measured 
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FMC concentrations from one event for stormwater inflow and run-off concentrations, the 
effect of differing rainfall intensity and length between rainfall periods is not considered.  
 
Tables 6.1 to 6.3 provide a summary of the raw sewage concentrations and published and 
measured stormwater concentrations to represent the concentrations in the stormwater 
inflow and FMC stormwater run-off (prior to wet weather sewer overflow). A comparison of 
raw sewage and stormwater concentrations is made and discussed below. 
 
6.2.1 Summary of concentration input data for metals  
 
Table 6.1 shows that the published stormwater concentrations of metals are higher than 
concentrations from measured FMC samples, with the exception of aluminium. The variation 
between the published and measured values ranges from one to two orders of magnitude. 
The variation in published and measured concentrations is greatest for cadmium with the 
difference between the published value (0.0606 mg/L) and the measured FMC grab sample 
(0.0002 mg/L) being 100% of the published value. The difference between these values 
indicates the great variation that occurs between stormwater run-off concentrations. Chiew et 
al. (1997) reported that event mean concentrations (EMCs) of stormwater run-off can vary by 
more than an order of a magnitude between catchments and depend largely on catchment 
conditions. The difference between these published and measured FMC concentrations is 
therefore not surprising. Furthermore, the measured grab samples may be less than the 
published EMCs in Table 6.1, as the grab samples were taken towards the end of the storm 
event. This highlights again how grab samples are sensitive to the time at which they are 
taken and are not a good representation of the concentration for the entire event. The 
published values are therefore preferred.  
 
Published stormwater concentrations exceed all raw sewage concentrations by up to two 
orders of magnitude. Measured stormwater concentrations of metals also exceed raw 
sewage levels, except for copper, cadmium, manganese, tin and zinc. For some metals it is 
uncertain if measured stormwater concentrations are higher than raw sewage concentrations 
as the detection limit for raw sewage (0.005 mg/L) is above measured stormwater 
concentrations. It is also noted in the Australian Guidelines for Water Recycling (Phase 2) 
Stormwater Harvesting and Reuse that median metal concentrations are higher in 
stormwater than in raw sewage (NRMMC et al., 2009). This indicates that stormwater run-off 
may be a higher threat in terms of metal contaminants than wet weather sewer overflow. 
However, this will also depend on the amount of dilution that occurs for these two events.  
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Table 6.1 Raw sewage and stormwater metal concentrations used in the simulation model  
Contaminant 
Raw sewage 
concentration (high 
DWF 95 PCL) 
(mg/L) 
Measured stormwater 
concentration FMC 
(max grab sample) 
(mg/L) 
Published stormwater 
concentration  
(95 PCL) 
(mg/L) 
Aluminium 0.87 3.4 2.29 
Antimony <0.005 0.002  
Arsenic 0.0024 0.003 0.011 
Boron 0.15 0.16  
Beryllium <0.005 <0.001  
Cadmium 0.0003 0.0002 0.0606 
Cobalt <0.005 0.002  
Copper 0.089 0.015 0.141 
Chromium <0.005 0.005 0.017 
Iron 0.4108 2.7 5.1 
Lead 0.00324 0.005 0.162 
Manganese 0.046 0.034 0.197 
Mercury <0.001 0.0003 0.411 
Molybdenum <0.005 0.003  
Nickel <0.005 0.008 0.017 
Selenium <0.005 0.004  
Silver <0.005 0.002  
Thallium <0.005 <0.001  
Tin 0.0067 <0.001  
Vanadium <0.005 0.006  
Zinc 0.16 0.11 0.57 
 
6.2.2 Summary of concentration input data for microbiological contaminants  
 
Table 6.2 shows that published stormwater concentrations of faecal indicators are one order 
of magnitude higher than measured FMC samples. However, as E.coli can vary by up to 
many orders of magnitude between catchments and storms within the same catchment 
(NRMMC et al., 2009), this is not unexpected. Concentrations of faecal indicators in raw 
174 
sewage samples are two orders of magnitude higher than published stormwater 
concentrations and three orders of magnitude higher than measured FMC concentrations. 
Therefore, unlike metals, microbiological contaminants from wet weather sewer overflow may 
present more of a threat than stormwater run-off, depending on the respective level of 
dilution in the sewer and MPC that occurs for these two events during a storm.   
 
Table 6.2 Raw sewage and stormwater faecal indicator concentrations used in the simulation 
model 
Contaminant 
Raw sewage 
concentration (high 
DWF 95 PCL) 
(orgs/100ml) 
Measured stormwater 
concentration FMC 
(max grab sample) 
(orgs/100ml) 
Published stormwater 
concentration 
(95 PCL) 
(orgs/100ml) 
E.coli 20,000,000 14000 184,382 
Enterococci 9,200,000 3400 34,465 
 
6.2.3 Summary of concentration input data for ecosystem health stressors  
 
Table 6.3 shows that published stormwater concentrations of ecosystem health stressors are 
up to two orders of magnitude higher than measured FMC samples. The variation is greatest 
for the ammonia concentration with the difference from the published value (3.281 mg/L) and 
the FMC grab sample (0.014 mg/L) being 100 % of the published value. Raw sewage 
samples are up to one order of magnitude higher than published stormwater concentrations 
and up to three orders of magnitude higher than measured FMC concentrations. Therefore, 
like microbiological contaminants, ecosystem health contaminants from wet weather sewer 
overflow may present a greater threat than stormwater run-off, depending on the level of 
dilution in the sewer and MPC that occurs for these two events during a storm.   
 
6.3 Summary of worst-case hydraulic and hydrologic variables used in the simulation 
model  
 
As mentioned above, for risk screening purposes, the simulated MPC concentrations 
resulting from wet weather sewer overflow and stormwater run-off in this chapter will be 
based on a worst-case scenario. The worst-case input concentrations were presented in the 
previous section. This section establishes the worst-case hydraulic and hydrologic data to be 
used in the simulation model, which will yield the lowest dilution in the MPC, and hence 
highest concentrations in the MPC as a result of wet weather sewer overflow and FMC 
stormwater run-off pollution. 
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Table 6.3 Raw sewage and stormwater ecosystem health contaminant concentrations used 
in the simulation model  
Contaminant 
Raw sewage 
concentration (high 
DWF 95 PCL) 
(mg/L) 
Measured 
stormwater 
concentration FMC 
(max grab sample) 
(mg/L) 
Published 
stormwater 
concentration 
(95 PCL) 
(mg/L) 
Ammonia 89.2 0.014 3.281 
Nitrite <0.5 0.04 - 
Nitrate <0.5 0.83 - 
Total phosphorous 13.92 0.22 1.261 
Total nitrogen 97.6 1.8 7.46 
Orthophosphate 33.6 0.07 2.037 
Total dissolved solids 372 - 169.6 
 
6.3.1 Wet weather sewer overflow 
 
In Chapter 5 the hydraulic and hydrologic conditions which yielded the least dilution of raw 
sewage in the MPC (highest overall dilution factor (DF) in the MPC) as a result of wet 
weather sewer overflow included the following combination of hydraulic and hydrologic 
variables: 
 
• 5 year 30 minute storm event 
• Sewer overflow commences at high DFW 
• Sewer flows are based on manhole FIV 7. 
 
The overall DF in the MPC for this event (calculated from Equation 5.6 in Section 5.7.2 of 
Chapter 5) was 0.0027 (see Figure 5.27 of Section 5.7.3), which would yield the highest 
concentrations in the MPC as a result of wet weather sewer overflow. The exception to this is 
where contaminant concentrations from stormwater I/I contribute more to simulated wet 
weather sewer overflow concentrations than raw sewage or DWF. In the simulation model, 
stormwater I/I is not diluted in the sewerage system, as discussed further in Section 6.4.2. 
Hence, where stormwater I/I is the main contributor to wet weather sewer overflow 
concentrations, the most critical or worst-case hydraulic and hydrologic conditions would be 
based primarily on the dilution of wet weather sewer overflow in the MPC (calculated from 
Equation 5.4 in Section 5.7.1), rather than the overall DF in the MPC, which also accounts for 
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the in-sewer dilution of raw sewage or DWF. The hydraulic and hydrologic conditions 
summarised above also yield the highest DF (lowest dilution) in the MPC based on the 
dilution of wet weather sewer overflow in the MPC (refer to Figures F7 and F8 in Appendix 
F). Hence, these conditions are used in the simulation model to predict the worst-case or 
highest concentrations in the MPC as a result of wet weather sewer overflow.   
 
6.3.2 Stormwater run-off from the FMC 
 
The DFs in the MPC calculated based on the dilution of FMC run-off in the MPC (calculated 
from Equation 5.3 in Section 5.7.1) provide an indication of the hydraulic and hydrologic 
conditions which will result in the lowest MPC concentration as a result of FMC stormwater 
run-off. The hydraulic and hydrologic conditions which yield the least dilution (highest DF) in 
the MPC as a result of FMC run-off include the following combination of variables (as shown 
in Figures F5 and F6 in Appendix F): 
 
• 5 or 10 year 30 minute storm 
• Sewer overflow commences at high or low DWF 
 
Since combined concentrations in the MPC resulting from both stormwater run-off and wet 
weather sewer overflow are to be simulated in this chapter (as discussed in Section 6.4), the 
combination of the above worst-case hydrologic and hydraulic variables that was chosen to 
simulate MPC concentrations as a result of stormwater run-off was the 5 year 30 minute 
storm, where sewer overflow commences at high DWF. 
 
6.4 Developing the mass balance simulation model to predict worst-case wet weather 
sewer overflow and receiving waterway concentrations 
 
6.4.1 Introduction 
 
A steady state model or mass balance approach was used to give an approximation of the 
concentration of various contaminants in the receiving waterway following sewer overflow 
and stormwater run-off. The model is based on the assumption that completely uniform 
mixing of wet weather sewer overflow and run-off occurs in the receiving waterway. Hence, 
the predicted concentrations in the MPC are average concentrations for the section of the 
MPC downstream of the FMC outlet point (refer to Figure 3.2 of Chapter 3 for the study site 
map). Furthermore, it assumes the contaminants are conservative and additive and does not 
consider chemical transport and fate such as transformation, degradation and sorption. A 
study of the risks associated with wet weather discharges including sewer overflow in 
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Sydney (Bickford et al., 1999) also predicted in-stream concentrations based on dilution 
effects. In the Sydney study, the chemicals were assumed to be conservative and therefore 
did not transform or degrade. It was thought that this would provide a conservative or 
overestimate of the chemical levels in the waterways (Bickford et al., 1999). For the purposes 
of initial screening in the present study a conservative estimate was considered appropriate.   
 
It is likely that other processes besides dilution occur within the sewer, many of which are 
related to the sewer sediments. For instance, in the literature review in Chapter 2 sewer 
sediments were highlighted as contributing factors in reducing the toxicity of overflow due to 
the sediments adsorbing dissolved toxicants (Marsalek et al., 1999). Furthermore, in another 
study changes in the chemical form of heavy metals were observed in the sewer, which were 
suspected to be due to the dissolved fraction adsorbing to sewer sediments (Gromaire et al., 
2001). In the same study sewer sediments were also found to be the main source of wet 
weather pollution in the combined sewer for particles and organic matter (Gromaire et al., 
2001). For these reasons, only total rather than dissolved metals are predicted by the dilution 
model. Furthermore predicting contaminants which may be strongly related to sewer 
sediments (e.g. total organic carbon, total suspended solids, biochemical oxygen demand) 
has been avoided. However, the role of sewer sediments in wet weather sewer overflow 
concentrations should be researched further in future studies.  
 
A mass balance equation using the flow weighted mean concentration (FWMC) was used to 
predict sewer overflow and receiving waterway levels (Adams and Papa, 2000; Davis and 
McCuen, 2005; Wanielista and Yousef, 1992). The FWMC is defined using the following 
equation: 
 
FWMC=
L
V
 Equation 6.1 
 
where: 
L is the event mass or load of the contaminant (mg), and 
V is the event volume (Litres) 
 
The calculation of L and V is summarised in Equation 6.2. The mass or load of the pollutant 
is determined by the flow weighted volume multiplied by the concentration measured at that 
flow rate. The overall mass or load (represented as L in Equation 6.1 above) is determined 
by summing all the individual loadings for each sampling period (Adams and Papa, 2000; 
Davis and McCuen, 2005; Shun Dar Lin and Lee, 2001; Wanielista and Yousef, 1992). The 
event volume is the sum of the individual volumes at each sampling period over the entire 
event.   
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L
V
=
∑ CiVini=0∑ Vini=0   Equation 6.2 
 
where: 
Ci is the concentration at time interval, i (mg/L), 
Vi is the flow weighted volume at time interval, i (Litres), 
i is the time interval (minutes), and 
n is the total number of samples simulated during the storm event. 
All the other variables are defined in Equation 6.1 
 
This method is often used in measuring stormwater run-off quality where samples taken over 
the entire event can be weighted relative to the flow rate at the time of the sample, and is 
generally referred to as the event mean concentration (EMC). As opposed to grab sampling 
the EMC is considered to be representative of the pollutant concentration over the entire 
event (Davis and McCuen, 2005).  
 
Finally to calculate the concentration resulting from contaminants from more than one source 
or discharge, loads of contaminants were added together using the following basic mass 
balance water quality equation: 
 
C3 = 
Q1C1+Q2C2
Q3
 Equation 6.3 
 
where: 
C3 is the resultant concentration in the sewer or receiving waterway (mg/L), 
C1 is the concentration of pollution source number 1 (mg/L), 
Q1 is the is the flow weighted volume of pollution source number 1 (Litres), 
C2 is the concentration of pollution source number 2 (mg/L), 
Q2 is the flow weighted volume of pollution source number 2 (Litres), and 
Q3 is the total volume and is the sum of Q2 and Q1 (Litres) 
 
Overview of concentrations predicted via the simulation model 
 
Worst-case concentrations simulated in this chapter will be used in risk screening conducted 
in Chapter 7. For the purposes of risk screening the following concentrations are required: 
 
•  MPC concentrations as a result of wet weather sewer overflow only (assuming 
concentrations in stormwater run-off from the FMC catchment is negligible) 
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• MPC concentrations as a result of FMC stormwater run-off only (without sewer overflow) 
• MPC concentrations as a result of combined wet weather sewer overflow and stormwater 
run-off from the FMC catchment 
 
Simulation of contaminant concentrations in the wet weather sewer overflow provides an 
important preliminary step to predicting MPC concentrations. Therefore, in addition to the 
MPC concentrations summarised above, methods for simulating concentrations in wet 
weather sewer overflow are also presented in this section. Figure 6.1 shows that wet weather 
sewer overflow enters the FMC before discharging to the MPC. As demonstrated in Chapter 
5 (refer to Section 5.7.1), dilution of wet weather sewer overflow contaminants in the MPC 
can be calculated directly without the need to include the FMC stage. The reason for this was 
that the dilution of wet weather sewer overflow contaminants in the MPC was equivalent to 
the product of the dilution of sewer overflow contaminants in the FMC and subsequent 
dilution of FMC run-off (containing the sewer overflow contaminants) in the MPC. Therefore, 
it was not necessary to simulate the FMC concentrations in this section.   
 
Pollutant concentrations in the MPC upstream of the FMC outlet, which would include 
stormwater and diffuse sources from the larger MPC catchment, were not included in 
predicting MPC concentrations from combined wet weather sewer overflow and stormwater 
run-off or from storm water run-off (only). By including upstream levels, it is likely that more 
error would be introduced, as there was a limited amount of MPC in-stream concentration 
data during storm events available. Without upstream levels, wet weather sewer overflow 
contributed more to the combined MPC concentrations, thus providing a more conservative 
assessment of risks from sewer overflow. 
 
6.4.2 Wet weather sewer overflow concentration 
 
Wet weather sewer overflow concentrations at different time intervals over the course 
of the overflow 
 
As shown in Figure 6.1, following rainfall raw sewage or DWF concentrations are diluted in 
the sewer as a result of stormwater I/I into the sewer. The combination of DWF and 
stormwater I/I makes up the WWF in the sewer. The sewer overflows when the WWFs reach 
the hydraulic capacity of the sewer. Therefore, contaminant concentrations in WWF were 
used to represent levels of pollutants present in wet weather sewer overflow or emergency 
relief structure (ERS) overflow.  
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The concentration of contaminants in WWF in the sewer was calculated at five minute 
intervals over the course of the overflow using the following equation. 
 
WWFCi = DWFC×DWFVi	 +SIC× WWFVi	
WWFVi
 Equation 6.4 
 
where:  
WWFCi is the diluted concentration of contaminant in the sewer during WWF at time interval 
i. (mg/L or orgs/100ml), 
DWFC is the concentration of contaminants in the raw sewage during DWF, which is a 
constant value (from Tables 6.1 to 6.3) (mg/L or orgs/100ml), 
DWFVi is the volume proportional to flow rate for DWF at time i. (refer to simulated DWFs in 
Section 5.4.1) (kL converted to litres or millilitres to match concentration units), 
WWFVi is the volume proportional to flow rate for wet weather flow at time i. (refer to 
simulated WWFs in Section 5.4.1) (kL converted to litres or millilitres to match concentration 
units), 
SIC is the concentration of contaminants in the stormwater inflow (from Tables 6.1 to 6.3) 
(mg/L or orgs/100ml), and  
i, is time interval equal to five minutes. 
 
As already mentioned in Section 6.3.1 above, sewer flows (both WWF and DWF) are based 
on manhole FIV 7 to provide a worst-case wet weather sewer overflow concentration. 
Consequently, the wet weather overflow concentration or WWFCi in Equation 6.4 is the 
same for all three ERS structures in the FMC sewerage catchment. This gives a conservative 
estimate or worst-case scenario, as two of the ERSs (ERS 97 and ERS 151) are closer to 
the manhole FIV 37 (refer to Figure 5.3 in Chapter 5) where raw sewage would be more 
diluted. 
 
The dry weather flow concentration (DWFC) in Equation 6.4 refers to the 95th PCL of raw 
sewage data summarised above in Tables 6.1 to 6.3. The DWFC does not change with the 
changing time interval, which is every five minutes, but rather is a constant value.   
 
The stormwater inflow concentration (SIC) in Equation 6.4 is derived from data summarised 
in Tables 6.1 to 6.3. The majority of the stormwater data used to represent stormwater inflow 
concentrations in Tables 6.1 to 6.3 were published data from the Australian Guidelines for 
Water Recycling (Phase 2) Stormwater Harvesting and Reuse, which provided an average 
maximum (95th PCL) concentration of extensive collated stormwater data. Hence, the SIC is 
assumed to represent the inflow over the entire overflow event, accounting for all the 
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changes which may occur for stormwater run-off such as the first flush effect. Therefore, like 
the DWFC, the SIC does not change with the changing time interval but is a constant value.  
A very conservative approach, whereby SIC is not subject to dilution in the sewer, has been 
adopted in Equation 6.4. This is expressed in Equation 6.4 by the use of the WWF volume 
(WWFV) in the sewer to represent the stormwater I/I volume. Hence, the WWFV rather than 
the stormwater I/I volume is multiplied by the SIC to obtain the load of the contaminant in the 
stormwater I/I. However, as shown earlier Figure 6.1 the WWF volume is not equivalent to 
the stormwater I/I volume, but is the combined volume of DWF and stormwater I/I. Hence, 
based on Figure 6.1 there will in fact be some dilution of SIC in the sewer. The percentage of 
dilution in the sewer of contaminants that may be present in stormwater inflow is shown by 
the following equation. 
 
Dilution SICi=100- 
 SIVi
WWFVi
 ×100 Equation 6.5 
 
where: 
Dilution SICi is the percentage dilution of contaminants in stormwater inflow in the sewer at 
time interval i (%), 
SIVi is the volume of stormwater I/I at time interval i (kL)  
WWFVi is the volume of WWF which equals the combined DWF and stormwater I/I at time 
interval i (refer to simulated WWFs in Section 5.4.1) (kL), and  
i is the time interval. 
 
Figure 6.2 shows both the percentage of stormwater I/I volume of the total WWF volume in 
the sewer and the percentage dilution of SIC that will occur in the sewer, calculated from 
Equation 6.5 over the course of the overflow. 
 
Figure 6.2 shows that the percentage of stormwater I/I volume of the total WWF volume is 
fairly high, ranging from 74% to 78% over the course of the overflow. Hence, the dilution of 
SIC in the sewer is between 22% and 26%. Due to the uncertainty in the concentrations 
likely in stormwater I/I, it was considered prudent to disregard this dilution of SIC in the sewer 
thus providing another measure to ensure concentrations in wet weather sewer overflow 
were not underestimated. At the same time, Figure 6.2 shows that SIC would be diluted to a 
small degree, hence disregarding the dilution of SIC would not result in a gross exaggeration 
of the WWFCi calculated in Equation 6.4. Concentrations in stormwater inflow require further 
investigation and the sensitivity analysis later in Section 6.5 considers this further, pointing 
out for which contaminants this may be a significant issue. 
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Figure 6.2 Percentage of stormwater I/I volume (SW (I/I) amount) of the total WWF volume in 
the sewer and dilution of SIC based on worst-case hydrologic and hydraulic conditions over 
the course of the wet weather sewer overflow 
 
Flow weighted mean concentration of wet weather sewer overflow  
 
Following calculation of the wet weather sewer overflow for each five minute time interval 
over the course of the overflow, the FWMC of contaminants in wet weather sewer overflow 
were determined. The FWMC is representative of the wet weather sewer overflow pollutant 
concentration over the entire overflow event. As mentioned above, the WWFCi calculated 
from Equation 6.4 is equivalent to the sewer overflow concentration and is the same for all 
three overflow structures, as it was based on worst-case sewer flows at manhole FIV 7. 
Therefore, using the WWFCi from Equation 6.4, the total FWMC of wet weather sewer 
overflow resulting from all three structures (ERS 97, 98 and 151) was determined from 
Equation 6.6. 
 
ERSFWMC=
L
V
=
∑ Ci×ERS98Vi	+Ci×ERS97Vi	+Ci×ERS151Vi	ni=0
∑ Vin
i=0
 Equation 6.6 
 
where: 
ERSFWMC is the FWMC of the total wet weather sewer overflow determined from the event 
loading (L) and the event volume (V) (mg/L or orgs/100ml), 
Ci is the wet weather sewer overflow concentration at time interval i (which is equal to the 
WWFCi at time interval i, determined from Equation 6.4) and is the same for overflows at 
each of the ERS structures (mg/L or orgs/100mL), 
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ERS98Vi is the volume proportional to flow rate for the overflow at ERS 98 at the time 
interval that Ci is generated (refer to simulated ERS flow rates in Section 5.4.2) (kL converted 
to litres or millilitres to match concentration units), 
ERS97Vi is the volume proportional to flow rate for the overflow at ERS 97 at the time 
interval that Ci is generated (refer to simulated ERS flow rates in Section 5.4.2) (kL 
converted to litres or millilitres to match concentration units), 
ERS151Vi is the volume proportional to flow rate for the overflow at ERS 151 at the time 
interval that Ci is generated (refer to simulated ERS flow rates in Section 5.4.2) (kL 
converted to litres or millilitres to match concentration units), 
Vi is the volume proportional to flow rate for the total of all three sewer overflows at the time 
interval that Ci is generated (refer to simulated ERS flow rates in Section 5.4.2) (kL 
converted to litres or millilitres to match concentration units),  
i is the time interval equal to five minutes, and 
n refers to the total number of samples simulated during the storm. 
 
As the concentration in the overflow for each ERS is the same, Equation 6.6 can be 
simplified to yield the following: 
 
ERSFWMC = L
V
 = 
∑ CiVini=0
∑  Vin
i=0
 Equation 6.7 
 
where: 
All variables are as per definition provided for Equation 6.6 
 
Figure 6.3 shows an example of the concentration of the contaminant aluminium over the 
course of the ERS wet weather sewer overflow (Ci) and the volume proportional to flow rate 
for the ERS wet weather sewer overflow (Vi) used in Equation 6.7. The numerator in 
Equation 6.7 sums the total mass or loading (L) (area under concentration curve) of the 
aluminium contaminant in the wet weather sewer overflow and the denominator sums the 
total wet weather sewer overflow volume (V) (area under flow curve).  
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Figure 6.3 Simulated aluminium concentration for all three ERS wet weather sewer overflows 
and the total ERS flow based on worst-case hydrologic and hydraulic conditions (with time 
during the sewer overflow period).  
 
6.4.3 MPC concentrations  
 
MPC concentration from wet weather sewer overflow only (assuming no contaminants 
in stormwater run-off from the FMC catchment) 
 
MPC concentration at different time intervals over the course of the wet weather sewer 
overflow 
 
To establish the levels of contaminants in the MPC (from wet weather sewer overflow only) 
over the course of the wet weather sewer overflow, the concentration from the catchment 
and subsequent stormwater run-off in the FMC are omitted. Hence, the concentration in the 
MPC from wet weather sewer overflow was determined from the following equation: 
 
MPCCi = ERSCi ERSVi
MPVi
 Equation 6.8 
 
where: 
MPCCi is the concentration in the MPC at time interval i (mg/L or orgs/100mL), 
ERSCi is the concentration in wet weather sewer overflow from the ERSs at time interval i 
(which is equal to the WWFCi at time interval i, determined from equation 6.4) (mg/L or 
orgs/100ml), 
ERSVi is the total volume of all three ERSs at time interval i (refer to simulated ERS flow 
rates in section 5.4.2) (kL converted to litres or millilitres to match concentration units), 
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MPCVi is the MPC volume at time interval i (refer to simulated MPC stream flows in Section 
5.6) (kL converted to litres or millilitres to match concentration units), and 
i is the time interval equivalent to five minutes. 
 
FWMC of contaminants in the MPC from wet weather sewer overflow  
 
Following the calculation of the MPCCi using Equation 6.8, the FWMC of contaminants in the 
MPC from wet weather sewer overflow, omitting the level in stormwater run-off from the 
catchment was calculated using Equation 6.9: 
 
MPCFWMCERS=
L
V
=
∑ CiVini=0
∑ Vin
i=0
 Equation 6.9 
 
Where: 
MPCFWMCERS is the FWMC in the MPC determined from the event loading (L) and the event 
volume (V) as a result of wet weather sewer overflow omitting the level in stormwater run-off 
from the catchment (mg/L or orgs/100mL), 
Ci is the concentration in the MPC at time interval i (which is equal to the MPCCi determined 
from Equation 6.8) (mg/L or orgs/100mL), 
Vi is the volume proportional to flow rate for the MPC at the time interval that Ci is generated 
(refer to simulated MPC stream flows in Section 5.6) (kL converted to litres or millilitres to 
match concentration units), 
i is the time interval equal to five minutes, and 
n refers to the total number of samples simulated during the storm. 
 
Figure 6.4 below shows the concentration of aluminium in the MPC at time interval i (MPCCi) 
calculated using Equation 6.8 and the volume proportional to flow rate in the MPC over time 
(MPCVi). The areas under these curves are used in Equation 6.9 to determine the FWMC of 
aluminium in the MPC from wet weather sewer overflow. The numerator in Equation 6.9 
sums the total mass of the contaminant in the MPC (L) (area under the concentration curve 
in Figure 6.4) and the denominator the total stream volume in the MPC (V) (area under the 
flow curve in Figure 6.4). 
 
Figure 6.4 shows that the concentration is initially very high as the MPC stream flow is at its 
lowest. Hence, this is a time of least dilution of the wet weather sewer overflow contaminants 
in the MPC. As the flow increases in the MPC, the concentration reduces markedly due to 
greater dilution. This same pattern will be shown for all contaminants, as the dilution effect is 
the same. A comparison with Figure 6.3 shows the levels of aluminium as a result of wet 
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weather sewer overflow are lower once they reach the MPC, as would be expected due to 
dilution in the creek. 
 
 
Figure 6.4 Simulated MPC concentration of aluminium and MPC flow based on worst-case 
hydraulic and hydrologic conditions (with time during the wet weather sewer overflow period) 
 
MPC concentration from FMC stormwater run-off (without sewer overflow) 
 
The stormwater concentration data used to represent the FMC stormwater run-off 
concentration (refer to Tables 6.1 to 6.3) were sourced primarily from the literature, and are 
indicative of the FMC stormwater run-off concentration over the entire overflow event. 
Therefore changes which may occur in the stormwater run-off concentration, such as those 
due to a first flush effect, are assumed to be accounted for in this single concentration. 
Therefore, this concentration (CFMC) was multiplied by a dilution factor to determine the MPC 
concentration, as shown in Equation 6.10.  
 
MPCCSTORM= CFMC FMCVMPCV	 Equation 6.10 
 
where: 
MPCCSTORM is the concentration in the MPC from stormwater run-off from the FMC without 
sewer overflow (mg/L or orgs/100ml), 
CFMC is the FMC stormwater run-off concentration from Tables 6.1 to 6.3 (mg/L or 
orgs/100ml), 
FMCV is the total volume in the FMC resulting from stormwater run-off (without the wet 
weather sewer overflow volume) for the sewer overflow period (from Figure 5.25 in Chapter 
5) (kL converted to litres or millilitres to match concentration units), and 
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MPCV is the total volume in the MPC for the sewer overflow period (from Figure 5.26 in 
Chapter 5) (kL converted to litres or millilitres to match concentration units). 
 
Figure 6.5 shows the stream flows for the FMC and MPC based on worst-case hydrologic 
conditions for the period of the wet weather sewer overflow. The MPC stream flow volume 
(MPCV) and FMC stream flow volume (FMCV) are represented by the areas under the 
respective flow curves, which are used in Equation 6.10 to provide a dilution factor.   
 
 
Figure 6.5 FMC and MPC stream flow hydrographs based on worst-case hydrologic 
conditions  
 
MPC concentration from combined wet weather sewer overflow and stormwater run-
off from the FMC  
 
Equation 6.11 calculates the concentration in the MPC from combined wet weather sewer 
overflow and FMC stormwater run-off contaminants: 
 
MPCCCOMB= MPCCSTORM+ MPCFWMCERS Equation 6.11 
 
where: 
MPCCCOMB is the concentration in the MPC from combined wet weather sewer overflow and 
stormwater run-off from the FMC (mg/L or orgs/100ml), 
MPCCSTORM is the concentration in the MPC from stormwater run-off from the FMC without 
sewer overflow (from Equation 6.10) (mg/L or orgs/100ml), and 
MPCFWMC ERS is the FWMC in the MPC as a result of wet weather sewer overflow omitting 
the level in stormwater run-off from the catchment (from Equation 6.9) (mg/L or orgs/100mL). 
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MPCCCOMB determined by Equation 6.11 is comparable to a FWMC concentration in the 
MPC from both pollution sources. To provide a comparison, Equations 6.12 and 6.13 show 
the calculations used to determine the FWMC in the MPC resulting from wet weather sewer 
overflow and stormwater run-off. 
 
To determine a FWMC of contaminants in the MPC, the concentration in the MPC from both 
of these pollution sources over the duration of the wet weather sewer overflow is first 
required and can be calculated from Equation 6.12: 
 
MPCCi = (ERSCi×ERSVi)+ (SWC×FMCVi)
MPCVi
 Equation 6.12 
 
where: 
MPCCi is the concentration in the MPC at time interval i as a result of wet weather sewer 
overflow and FMC stormwater run-off from the catchment (mg/L or orgs/100ml), 
ERSCi is the concentration in wet weather sewer overflow at time interval i (which is equal to 
the WWFCi determined from Equation 6.4) (mg/L or orgs/100ml), 
ERSVi is the volume proportional to flow rate for the total of all three ERS sewer overflows at 
the time interval that ERSCi is generated (refer to simulated ERS flow rates in Section 5.4.2) 
(kL converted to litres or millilitres to match concentration units), 
SWC is the concentration in the FMC resulting from stormwater run-off from the catchment 
(from Tables 6.1 to 6.3) (mg/L or orgs/100ml), 
FMCVi is the FMC flow volume (without the sewer overflow volume) at time interval i (refer to 
simulated FMC stream flows in Section 5.6) (kL converted to litres or millilitres to match 
concentration units), 
MPCVi is the MPC volume at time interval i (refer to simulated MPC stream flows in Section 
5.6) (kL converted to litres or millilitres to match concentration units), and 
i is equal to time interval. 
 
The stormwater run-off concentration (SWC) in Equation 6.12 is from data summarised in 
Tables 6.1 to 6.4, which are maximum average values (95th PCLs) of collated stormwater 
data derived from the literature, representing stormwater concentrations from the catchment 
over the entire overflow event. Therefore the SWC does not change with the changing time 
interval, but is a constant value.  
 
The MPCCi in Equation 6.12 is then used in Equation 6.13 to calculate the FWMC in the 
MPC resulting from wet weather sewer overflow and stormwater run-off: 
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MPCFWMCCOMB  = LV = ∑ CiVi
n
i=0∑ Vini=0  Equation 6.13 
 
where: 
MPCFWMCCOMB is the FWMC in the MPC as a result of wet weather sewer overflow and 
FMC stormwater run-off from the catchment (mg/L or orgs/100ml), 
Ci is the concentration in the MPC at time interval i (which is equal to the MPCCi determined 
from Equation 6.12), 
Vi is the volume proportional to flow rate for the MPC at the time interval that Ci is generated 
(refer to simulated MPC stream flows in Section 5.6) (kL converted to litres or millilitres to 
match concentration units), 
i is the time interval, and 
n refers to the total number of samples simulated during the storm. 
 
6.5 Sensitivity analysis of model outputs to input concentration variables 
 
Following the simulation of concentrations, sensitivity analysis was performed to determine 
the degree to which input concentration variables in the simulation model presented in 
Section 6.4 affect predicted microbiological, ecosystem health and metal concentrations in 
the wet weather sewer overflow and the receiving waterway. Thus showing which input 
concentration variables have the most impact on the uncertainty of the results. This in turn 
highlights those input concentrations for which it is most critical to ensure accuracy and 
where future data collection should be targeted. Second, sensitivity analysis also indicates 
which input concentration is likely to be a larger threat to the MPC. Sensitivity analysis for 
other inputs; hydrological and hydraulic variables, was already undertaken in Section 5.7.3.  
 
Model outputs generated using the mass balance model presented in Section 6.4 included 
the wet weather sewer overflow concentration and MPC concentrations. The aim of this 
section is to determine the sensitivity of simulated wet weather sewer overflow and MPC 
concentrations in Section 6.4 to their respective input concentrations.  
 
As mentioned previously, wet weather sewer overflow is made up of the following two input 
concentrations; 
• Stormwater inflow into the sewer, and  
• Raw sewage or DWF which is diluted as the storm water inflows and infiltrates into the 
sewer.  
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Figure 6.1 shows that combined MPC concentrations are made up of the following input 
concentrations; 
• Wet weather sewer overflow which is diluted in the MPC and 
• MPC concentrations as a result of FMC stormwater run-off (from the catchment) which is 
diluted in the MPC.  
 
The percentage contribution of the respective input concentration parameters summarised 
above to the simulated wet weather sewer overflow concentrations and combined MPC 
concentrations (simulated using Equation 6.11) was calculated. The percentage contribution 
is outlined by the USEPA (2001) as a possible method for conducting sensitivity analysis in 
risk assessment. The percentage contribution is calculated using the following simple 
equation. 
 
X
Y  × 100% Equation 6.14 
 
where: 
X is the input concentration, and  
Y is the simulated output concentration. 
 
6.5.1 Results of the sensitivity analysis 
 
Sensitivity of simulated wet weather sewer overflow concentrations to the input 
concentration variables 
 
The percentage contribution of the two input concentration variables, diluted raw sewage and 
stormwater inflow, to simulated sewer overflow levels are provided in this section. The 
percentage contribution of each of the two input variables to wet weather sewer overflow 
concentrations was calculated using Equation 6.14, where stormwater inflow and diluted raw 
sewage represent X. The simulated concentrations of wet weather sewer overflow calculated 
from Equation 6.7 represent the simulated output concentrations (Y). Stormwater inflow 
concentrations were derived from Tables 6.1 to 6.3. Diluted raw sewage concentrations were 
derived from Equation 6.4 (represented by the WWFC). The sensitivity analysis results are 
presented in Tables 6.4, 6.5 and 6.6 for the microbiological, ecosystem health and metal 
contaminants respectively.  
 
Table 6.4 shows that the diluted raw sewage concentrations of E.coli and enterococci make 
up almost the entire wet weather sewer overflow concentration, contributing 97% and 99% 
respectively. Hence, diluted raw sewage concentrations present the greatest uncertainty in 
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predicting the E.coli and enterococci concentrations in wet weather sewer overflow. In Table 
6.2, the concentration of raw sewage is two orders of magnitude higher than the stormwater 
concentration (used to represent concentrations in stormwater inflow). Therefore, even after 
dilution in the sewer, it is not unexpected that the raw sewage concentration makes up most 
of the E.coli and enterococci concentrations in wet weather sewer overflow.   
 
Table 6.4 Contribution of input concentration variables to predicted microbiological 
contaminant concentrations in wet weather sewer overflow. 
Contaminant 
Contribution of raw sewage 
(diluted) (%) 
Contribution of stormwater 
inflow (%) 
E.coli 97.3 2.7 
Enterococci 98.9 1.1 
 
Table 6.5 shows that with the exception of electrical conductivity (EC), diluted raw sewage 
contributes more to the concentration of ecosystem health contaminants in wet weather 
sewer overflow, and thus uncertainty in the simulated data, than stormwater inflow. The 
reason for this can be seen in Table 6.3, which showed that raw sewage concentrations were 
higher than published stormwater concentrations, (used to represent stormwater inflow 
concentrations), by an order of magnitude (with the exception of total dissolved solids 
(TDS)). The raw sewage TDS concentration in Table 6.3, which was used to calculate the 
EC level, was the same order of magnitude as that for stormwater inflow. Therefore, as raw 
sewage undergoes further dilution in the sewer and stormwater inflow does not, (as 
discussed in Section 6.4), stormwater inflow contributes more to the simulated sewer 
overflow EC levels. Concentrations of nitrate and nitrite in wet weather sewer overflow are 
censored values, due to raw sewage concentrations being censored (refer to Table 6.3). 
Therefore, for these two contaminants the percentage contribution could not be determined.  
 
Table 6.5 Contribution of input concentration variables to predicted ecosystem health 
contaminant concentrations in wet weather sewer overflow. 
Contaminant 
Contribution of raw 
sewage (diluted) (%) 
Contribution of 
stormwater inflow (%) 
Ammonia 90.2 9.8 
Nitrite - - 
Nitrate - - 
Electrical conductivity 42.6 57.4 
Total phosphorous 78.9 21.1 
Orthophosphate 84.8 15.2 
Total Nitrogen 81.6 18.4 
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Table 6.6 shows that stormwater inflow contributes a very high percentage to predicted wet 
weather sewer overflow concentrations for all metal contaminants. Hence, stormwater inflow 
has a larger impact on the uncertainty of estimated wet weather sewer overflow 
concentrations than diluted raw sewage for all metal contaminants. The reason for this can 
be seen in Table 6.1, which showed that published stormwater concentrations, (used to 
represent stormwater inflow concentrations), were higher than raw sewage concentrations by 
up to two orders of magnitude.  
 
Table 6.6 Contribution of input concentration variables to predicted metal contaminant 
concentrations in wet weather sewer overflow. 
Contaminant 
Contribution of raw sewage 
(diluted) (%) 
Contribution of stormwater 
inflow (%) 
Aluminium 11.4 88.6 
Antimony -  
Arsenic 6.9 93.1 
Beryllium - - 
Boron 24.1 75.9 
Cadmium 0.2 99.8 
Chromium -  
Cobalt -  
Copper 17.6 82.4 
Iron 2.6 97.4 
Lead 0.7 99.3 
Manganese 7.3 92.7 
Mercury - - 
Molybdenum - - 
Nickel - - 
Selenium - - 
Silver - - 
Thallium - - 
Tin - - 
Vanadium - - 
Zinc 8.7 91.3 
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Furthermore, measured stormwater concentrations in the FMC also exceeded raw sewage 
concentrations for most metals. Therefore, with further dilution in the sewer, concentrations 
of metals in raw sewage will be even lower than in stormwater inflow. For many metals the 
concentration in wet weather sewer overflow was a censored value, due to stormwater 
and/or raw sewage data being censored values (refer to Table 6.1). Therefore, for these 
metals the percentage contribution could not be determined and is therefore left blank in 
Table 6.6. 
 
Sensitivity of simulated combined MPC concentrations to the input concentration 
variables 
 
The percentage contribution of the two input concentration variables, wet weather sewer 
overflow and stormwater run-off (from the FMC) diluted in the MPC, to simulated combined 
MPC concentrations are provided in Tables 6.7 to 6.9. The percentage contribution of each 
of the two input variables to MPC concentrations was calculated using Equation 6.14, where 
concentrations in the MPC arising individually from wet weather sewer overflow and 
stormwater run-off (from the FMC) represent X. MPC concentrations as a result of FMC 
stormwater run-off (without sewer overflow) are derived from Equation 6.10. MPC 
concentrations from wet weather sewer overflow (assuming no contaminants in stormwater 
run-off from the catchment) are derived from Equation 6.9. The simulated concentration in 
the MPC resulting from both wet weather sewer overflow and stormwater run-off calculated 
from Equation 6.11 represents the simulated output concentration (Y). The sensitivity 
analysis results are presented in Tables 6.7, 6.8 and 6.9 for the microbiological, ecosystem 
health and metal contaminants respectively.  
 
Table 6.7 shows that wet weather sewer overflow contributes most to the combined MPC 
E.coli and enterococci concentrations, although only marginally more than stormwater run-off 
to predicted E.coli concentrations. Hence, this suggests that wet weather sewer overflow is a 
larger threat than stormwater run-off to the MPC from these contaminants. Furthermore, wet 
weather sewer overflow has the most impact on the uncertainty of the simulated MPC 
concentrations, particularly concentrations of enterococci.  
 
Initial raw sewage concentrations of E.coli and enterococci, which are diluted in the sewer, 
were shown in Table 6.4 to make up greater than 95% of wet weather sewer overflow 
concentrations. Furthermore, in Table 6.2, raw sewage concentrations of E.coli and 
enterococci were two orders of magnitude higher than published stormwater concentrations 
(used to represent the concentration in FMC stormwater run-off). However, Chapter 5 
showed that wet weather sewer overflow volumes are less than FMC stormwater run-off 
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volumes, resulting in higher dilution of wet weather sewer overflow than stormwater run-off in 
the MPC, by an order of a magnitude (refer to Figures F5 to F8 in Appendix F). Therefore, 
due to a much greater dilution of wet weather sewer overflow in the MPC than stormwater 
run-off from the FMC, the contribution of wet weather sewer overflow and stormwater run-off 
to simulated MPC concentrations are similar, particularly for E.coli. 
 
Table 6.7 Contribution of input concentration variables to predicted combined MPC 
microbiological contaminant concentrations. 
Contaminant 
Contribution of wet weather 
sewer overflow (%) 
Contribution of FMC stormwater 
run-off 
(%) 
E.coli 58.1 41.9 
Enterococci 77.0 23.0 
 
Table 6.8 shows that stormwater run-off contributes most to the predicted MPC ecosystem 
health concentrations. Hence, this suggests that stormwater run-off has the greatest impact 
on the MPC relative to ecosystem health contaminants and also contributes most to the 
uncertainty of the simulated MPC concentrations. MPC concentrations of nitrate and nitrite 
were censored values. Therefore, the contribution of input concentration variables to 
combined MPC concentrations could not be determined for these contaminants. 
 
Table 6.8 Contribution of input concentration variables to predicted combined MPC 
ecosystem health concentrations. 
Contaminant 
Contribution of wet weather 
sewer overflow (%) 
Contribution of FMC 
stormwater run-off 
(%) 
Ammonia 27.2 72.8 
Nitrite - - 
Nitrate - - 
EC 6.0 94.0 
Total phosphorous 14.8 85.2 
Orthophosphate 19.5 80.5 
Total Nitrogen 16.6 83.4 
 
Table 6.5 showed that diluted raw sewage contributes most to the concentration of 
ecosystem health contaminants in wet weather sewer overflow. Furthermore, Table 6.3 
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showed that prior to in-sewer dilution, raw sewage concentrations were up to one order of a 
magnitude higher than published stormwater concentrations (used to represent FMC 
stormwater run-off concentrations). As mentioned above however, the dilution of wet weather 
sewer overflow in the MPC is greater than FMC stormwater run-off. Consequently, the 
contribution of stormwater run-off to the concentrations of ecosystem health contaminants in 
the MPC is much higher, as shown in Table 6.8.  
 
Table 6.9 shows that stormwater run-off from the FMC contributes over 90% to predicted 
MPC levels for all metal contaminants. Therefore, this indicates that stormwater run-off is a 
significantly greater threat to the MPC in relation to metal contaminants than wet weather 
sewer overflow. Furthermore, stormwater run-off contributes most to the uncertainty in the 
predicted metal concentrations in the MPC. Table 6.6 showed that stormwater inflow 
contributed most to wet weather sewer overflow concentrations. Stormwater inflow and FMC 
stormwater run-off metal concentrations are the same and are equal to the stormwater 
concentrations in Table 6.1. Hence, with similar initial concentrations in wet weather sewer 
overflow and FMC stormwater run-off but a greater dilution of wet weather sewer overflow in 
the MPC, it is expected that FMC stormwater run-off will contribute most to MPC 
concentrations.   
 
The sensitivity analysis presented in this section highlights the need for accurate 
concentration data for the various input concentration variables, particularly those that 
contribute most to simulated wet weather sewer overflow and MPC concentrations. The raw 
sewage data used in the simulation model (summarised in Tables 6.1 to 6.3) were within the 
range expected for a domestic sewerage catchment, as shown in Section 4.3 of Chapter 4, 
thus providing some assurance for the data. Furthermore, the published stormwater data 
(summarised in Tables 6.1 to 6.3), which were the primary data used to represent 
stormwater inflow and FMC stormwater run-off, were very comprehensive and directly 
related to Australian catchments. Despite this, to improve the reliability of the simulated 
results, further sampling of the input concentration variables outlined above as having the 
greatest impact on simulated wet weather sewer overflow and combined MPC 
concentrations is recommended. For example, sampling of metal contaminants in the MPC 
should be targeted at stormwater run-off events and could be used to test predicted 
combined MPC concentrations. 
 
In addition to highlighting the input concentration variables for which accurate data are most 
critical, the sensitivity analysis indicated whether wet weather sewer overflow or stormwater 
run-off (without sewer overflow) posed the greatest threat to MPC concentrations. This 
provides an initial sense of how the results in risk screening, to be presented in Chapter 7, 
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will unfold. Tiered approaches to risk assessment sometimes determine the relative 
contributions of the various variable inputs into risk in order to screen out those pathways 
which have little impact (USEPA, 2001). In the present study, additional information on the 
level of risk is required (including whether or not water quality objectives are exceeded) to 
give a fuller picture and is presented in the following chapter on risk screening. 
 
Table 6.9 Contribution of input concentration variables to predicted combined MPC metal 
concentrations. 
 
Contaminant 
Contribution of wet weather 
sewer overflow (%) 
Contribution of FMC 
stormwater run-off 
(%) 
Aluminium 4.0 96.0 
Antimony - - 
Arsenic 3.8 96.2 
Beryllium - - 
Boron 4.6 95.4 
Cadmium 3.6 96.4 
Chromium - - 
Cobalt - - 
Copper 4.3 95.7 
Iron 3.6 96.4 
Lead 3.6 96.4 
Manganese 3.8 96.2 
Mercury - - 
Molybdenum - 
 
Nickel - - 
Selenium - - 
Silver - - 
Thallium - - 
Tin - - 
Vanadium - - 
Zinc 3.9 96.1 
 
197 
6.6 Comparison of measured and simulated concentrations of microbiological, 
ecosystem health and metal contaminants in the MPC. 
 
To test the reliability of the simulated concentrations, which as discussed in Section 6.4.1 are 
based on dilution as the only mitigating factor, a comparison of measured and simulated wet 
weather sewer overflow and MPC concentrations would be beneficial. Due to the drought, 
there was no opportunity to obtain measured concentrations in the MPC following wet 
weather sewer overflow or of the sewer overflow itself. Furthermore, storm events (even 
without sewer overflow) were few and far between with only one such event being sampled 
(for which the concentration data were presented in Chapter 4). A comparison of simulated 
MPC concentrations as a result of FMC stormwater run-off (without wet weather sewer 
overflow) calculated using Equation 6.10, and the single measured storm event (without 
sewer overflow) presented in Chapter 4 (which is also representative of stormwater run-off 
pollution in the MPC without sewer overflow) is undertaken in this section. This may provide 
some additional support for the simulated results, particularly estimated MPC concentrations 
from stormwater run-off. It may also reduce the level of uncertainty in the simulated 
concentrations afforded by the various concentration inputs presented in Section 6.5 
 
A comparison of the simulated concentrations in the MPC as a result of FMC stormwater run-
off (without sewer overflow) and the measured wet weather MPC concentrations without 
sewer overflow are presented in Tables 6.10, 6.11 and 6.12 for microbiological, ecosystem 
health and metal contaminants, respectively. 
 
Measured wet weather concentrations in the MPC in Tables 6.10 to 6.12 refer to 
concentrations downstream of the FMC (refer to map of sampling sites, Figure 3.3 of Chapter 
3) which are comparable to the simulated results which represent MPC concentrations 
downstream of the FMC. Concentrations measured at 24 and 48 hours after the storm event 
(refer to Chapter 4) are not included in Tables 6.10 to 6.12. Concentrations at these times 
were more likely to represent ambient rather than wet weather concentrations (as MPC 
stream flow returned to normal), as was demonstrated for some of the contaminants in 
Chapter 4. A range of the lowest and highest concentrations measured in the MPC is given 
in Tables 6.10 to 6.12, providing a good indication of where the simulated concentration lies 
in relation to these measured concentrations.   
 
Whether or not the difference between measured and simulated results was within 
acceptable limits, was considered in light of the typical variation in stormwater run-off 
concentrations which may be expected between different storm events. Chiew et al. (1997) 
explains that the EMC between different storms can be very different, even within the same 
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catchment. This is particularly notable for faecal indicators such as E.coli, which can vary by 
many orders of magnitude between storms in the same catchment (NRMMC et al., 2009). A 
study by McCarthy et al. (2006) of the level of E.coli in urban stormwater found that there 
was significant variation in E.coli between events within the same study site, with a variation 
of up to two orders of magnitude at some sites. Other pollutants such as nutrients and metals 
do not tend to vary as much. For example, a comprehensive review and summary of 
stormwater levels by Duncan (1999) of over 500 studies found the variation in nutrients and 
metals between land uses was less than an order of magnitude.  
 
The Australian Guidelines for Water Recycling (Phase 2) (NRMMC et al., 2009) provide an 
average maximum (95th PCL) and minimum (5th PCL) value derived from all the studies 
included in the collated data for urban stormwater catchments. These minimum and 
maximum values provide an indication of the likely variation expected for different events, 
which may be due to climate, rainfall or other site or catchment characteristics. These figures 
further confirm faecal indicators as having the largest variation of the contaminants, with 
levels varying by up to two orders of magnitude. However, the variation between minimum 
and maximum values for most metals and nutrients was either within the same order of 
magnitude or a difference of up to one order of magnitude. Based on the studies mentioned 
above, and in particular the Australian Guidelines for Water Recycling (Phase 2), a variation 
of up to two orders of magnitude for faecal indicators (E.coli and enterococci) and up to one 
order of magnitude for nutrients and other ecosystem health contaminants was considered 
acceptable. 
 
6.6.1 Microbiological contaminants 
 
Table 6.10 shows that simulated concentrations of Ecoli are much higher than measured 
concentrations but are no more than one order of magnitude higher, whereas simulated 
concentrations of enterococci are only slightly higher than measured wet weather 
concentrations. Given the typical variation in stormwater run-off faecal indicator 
concentrations (mentioned above), a difference of an order of a magnitude between 
measured and simulated concentrations is within acceptable limits for faecal indicators. 
Table 6.10 also shows that both simulated and measured concentrations exceed the water 
quality (WQ) objective. As measured concentrations also highlight enterococci and E.coli as 
a potential threat from stormwater run-off, this provides added support for the simulated 
results.   
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Table 6.10 Simulated (FMC stormwater run-off (without sewer overflow)) and Measured (wet 
weather (without sewer overflow)) E.coli and enterococci concentrations in the MPC 
Contaminant 
Water quality 
objective (primary 
recreation) 
(orgs/100ml) 
Measured MPC 
concentration range 
(orgs/100ml) 
Simulated MPC 
concentration 
(orgs/100ml) 
E.coli 150 6900-20,000 41802 
Enterococci 35 6100-7,700 7814 
 
6.6.2 Ecosystem Health contaminants 
 
Table 6.11 shows that simulated MPC concentrations are greater than the maximum 
measured MPC concentrations for orthophosphate, ammonia, and total nitrogen. It is 
expected that simulated concentrations, which are based on worst-case conditions, would be 
higher than measured concentrations. However, predicted ammonia concentrations are well 
in excess of maximum measured levels by a minimum of an order of magnitude. This may 
indicate that the simulation model may overestimate ammonia concentrations in the MPC, 
possibly due to the published stormwater data (refer to Table 6.3) used in the simulation not 
providing a true representation of ammonia concentrations (even for worst-case conditions) 
at the study site. For example, a comparison of the FMC grab stormwater run-off sample and 
the published ammonia concentration in Table 6.3 shows that published concentrations are 
two orders of magnitude higher. Further sampling of FMC stormwater run-off at the study site 
would be required to confirm this.   
 
Table 6.11 shows that simulated total phosphorous concentrations are the same as the 
highest measured concentration, whereas measured concentrations for nitrite, nitrate and 
electrical conductivity (EC) are higher than the simulated concentration. Therefore, nitrite, 
nitrate and EC, but particularly simulated nitrite and EC levels, which are one to two orders of 
magnitude lower than measured concentrations, may be underestimated in the simulation 
model.  
 
As there was no suitable published value for nitrite and nitrate, the measured FMC 
stormwater run-off grab sample concentration (refer to Table 6.3) was used to simulate MPC 
concentrations, which would not necessarily represent a worst-case concentration. In 
addition, for reasons discussed in Section 6.4, the simulation method did not consider 
existing MPC concentrations upstream of the FMC, which the measured wet weather 
concentration would include. Hence, higher measured nitrite, nitrate and EC levels may 
indicate that upstream levels play a bigger part in the MPC concentration for these 
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contaminants. Results for EC in Chapter 4 highlighted a very obvious dilution effect occurring 
during the storm event, with EC levels increasing and returning closer to higher ambient 
levels as time progressed (refer to Figure 4.19 of Chapter 4). The simulated EC level may be 
less than for the measured event, due to simulation of levels in the MPC at a time of higher 
dilution.  
 
Table 6.11 shows that those contaminants found to be above WQ objectives based on the 
simulated concentration were also above the objective based on measured concentrations, 
except for ammonia and the highest measured EC level. This includes total phosphorous, 
orthophosphate and total nitrogen. Unlike simulated ammonia concentrations, measured 
ammonia concentrations were not above the WQ objective and hence were not identified as 
a potential threat to MPC in Chapter 4. The highest measured EC recorded for the MPC was 
above the WQ objective, but the simulated level was well below the objective. Hence, 
although the simulated results do not highlight EC as a threat, the higher measured levels 
do. 
  
Table 6.11 Simulated (FMC stormwater run-off (without sewer overflow)) and Measured (wet 
weather (without sewer overflow)) ecosystem health contaminant concentrations in the MPC 
Contaminant Units 
Water quality 
objective 
Measured MPC 
concentration 
(range) 
Simulated MPC 
concentration 
Total phosphorous mg/L 0.1 0.18-0.3 0.3 
Orthophosphate mg/L 0.02 0.06-0.12 0.46 
Ammonia mg/L 0.02-0.03 <0.01 0.74 
Total Nitrogen mg/L 1 0.9-1.3 1.7 
Nitrite mg/L 1 0.02 0.009 
Nitrate mg/L 0.7 0.38-0.64 0.19 
Electrical 
conductivity 
µS/cm 500 160-1100 64 
 
6.6.3 Metal contaminants  
 
Table 6.12 below shows that antimony, beryllium, cobalt, thallium and tin are censored 
values for the measured event, with the detection limit above the corresponding simulated 
concentration. Hence, it is impossible to determine which of the measured and simulated 
level is greater and by what degree.   
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For the remaining metals, the simulated concentration is mostly higher than the measured 
concentration, including for aluminum, arsenic, cadmium, copper, iron, lead, manganese, 
mercury, nickel, silver and zinc. It is expected that simulated MPC levels are greater than 
measured concentrations because the predicted concentrations are based on a worst-case 
scenario. In addition, the measured metal concentrations refer to dissolved metal 
concentrations, whereas the simulated value represents the total metals. 
 
Table 6.12 Simulated (FMC stormwater run-off (without sewer overflow)) and Measured (wet 
weather (without sewer overflow)) metal contaminant concentrations in the MPC  
Contaminant 
Water quality 
objective (mg/L) 
Measured MPC 
concentration dissolved 
metals (range) (mg/L) 
Simulated MPC 
concentration total 
metals (mg/L) 
Aluminium 0.1 0.083-0.23 0.52 
Antimony 0.009 <0.001 0.0005 
Arsenic 0.05 0.0015-0.0017 0.002 
Beryllium 0.004 <0.001 <0.0002 
Boron 0.37 0.03-0.056 0.04 
Cadmium 0.0002 <0.0002 0.01 
Chromium 0.01 0.002-0.004 0.001 
Cobalt 0.0014 <0.001 0.0005 
Copper 0.002 0.002-0.003 0.03 
Iron 1 0.18-0.24 1.16 
Lead 0.001 <0.001 0.04 
Manganese 1.9 0.005-0.007 0.04 
Mercury 0.00005 <0.0001 0.0001 
Molybdenum 0.034 <0.001-0.001 0.0007 
Nickel 0.015 0.002 0.004 
Selenium 0.005 0.001-0.002 0.0009 
Silver 0.0001 <0.0001 0.0005 
Thallium 0.00003 <0.001 <0.0002 
Tin 0.003 <0.001 <0.0002 
Vanadium 0.006 0.003 0.001 
Zinc 0.005 0.04-0.058 0.13 
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However, Table 6.12 shows that for some of the metals including cadmium and lead, the 
simulated concentration is up to two orders of magnitude higher (and possibly more for 
cadmium) than the measured concentration and hence may overestimate concentrations at 
the study site (even based on worst-case conditions). This may be due to the published 
stormwater data (refer to Table 6.1) used in the simulation model not providing a true 
representation of cadmium and lead concentrations (even for worst-case conditions) at the 
study site. For example, a comparison of the FMC grab stormwater run-off sample and the 
published cadmium and lead concentrations in Table 6.1 shows that published 
concentrations are two orders of magnitude higher. Further FMC stormwater run-off sampling 
at site would be required to confirm this.   
 
Of the remaining metals, simulated boron and molybdenum concentrations are within the 
range of measured concentrations, and the predicted chromium, selenium and vanadium 
concentrations are below measured results. For all these metals, with the exception of 
chromium, the measured FMC stormwater concentration (in Table 6.1) rather than the 
published value was used in the simulation of MPC concentrations, which was not 
necessarily a worst-case concentration. In addition, higher measured concentrations may 
indicate that concentrations in the MPC upstream of the FMC play a bigger part in the 
downstream MPC concentrations for these contaminants, which were not accounted for in 
the simulation model. 
 
For some metals it is unclear whether the WQ objective has been exceeded, as the detection 
limit is above the objective. For most metals, where the measured value exceeds the 
objective so too does the simulated value. Therefore, those metals highlighted as a potential 
threat based on measured data are also identified as an issue based on simulated results. 
This outcome adds additional support to the simulated results. The exception is for cadmium, 
iron, lead and silver, where the measured downstream concentration is below the WQ 
objective and the simulated concentration is above the objective. In Chapter 4 measured 
lead concentrations at 24 and 48 hours following the storm event were the highest and 
exceeded WQ objectives. However, the measured MPC lead concentrations in Table 6.12 
only include levels measured up to 4 hours after the storm event.  
 
6.7 Summary and Conclusion 
 
This chapter combined the concentration data and hydrological dilutions from the previous 
chapter to predict concentrations of contaminants in wet weather sewer overflow and 
receiving waters. Predicted concentrations were based on a worst-case scenario which is 
required for the risk screening presented in Chapter 7. To achieve a worst-case scenario, the 
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simulated concentrations were calculated using hydrologic and hydraulic conditions that 
would result in the least dilution and hence the highest wet weather sewer overflow and 
Moonee Ponds Creek (MPC) concentrations. Furthermore, input concentration variables 
used in the simulation model, including raw sewage, stormwater inflow (into the sewer) and 
FMC stormwater run-off concentrations represented the 95th percentile of collected data.   
 
A steady state mass balance model was used to give an approximation of the concentration 
of various contaminants in wet weather sewer overflow and the MPC as a result of wet 
weather sewer overflow and stormwater run-off (separately and also combined). A mass 
balance equation was used to predict the flow weighted mean concentration in wet weather 
sewer overflow and the MPC. The steady state model is based on the assumption that 
complete mixing of wet weather sewer overflow and stormwater run-off occurs in the MPC 
and only includes dilution as a mitigating factor.   
 
Following the simulation, sensitivity analysis was undertaken to determine which 
concentration inputs into the simulation model have the greatest impact on the predicted wet 
weather sewer overflow and MPC concentrations and hence produce the greatest 
uncertainty in the simulated results. Results showed raw sewage concentrations (diluted in 
the sewer) of ecosystem health (except electrical conductivity) and microbiological 
contaminants had the greatest impact on the uncertainty in simulated wet weather sewer 
overflow concentrations for these contaminants. However, stormwater inflow had the 
greatest impact on the uncertainty in simulated metal concentrations in wet weather sewer 
overflow. 
 
The dilution of contaminants in wet weather sewer overflow in the MPC was an order of 
magnitude higher than contaminants in the FMC, due to the FMC run-off having a greater 
discharge volume. Even after a greater dilution in the MPC, wet weather sewer overflow was 
the main contributor of predicted microbiological contaminants in the MPC, as raw sewage 
concentrations (which made up the majority of simulated wet weather overflow 
concentrations) were two orders of magnitude higher than FMC stormwater run-off 
concentrations. This suggests that wet weather sewer overflow is a larger threat than 
stormwater run-off to the MPC from these contaminants and has the most impact on the 
uncertainty of the simulated MPC microbiological concentrations.   
 
Concentrations of stormwater inflow (which contributed most to wet weather sewer overflow 
metal concentrations) and FMC stormwater run-off were identical. Therefore, with similar 
initial concentrations in wet weather sewer overflow and FMC stormwater run-off but a 
greater dilution of wet weather sewer overflow, FMC stormwater run-off contributed over 90% 
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to predicted MPC concentrations for all metal contaminants. Stormwater run-off is clearly the 
main source of metal contaminants and contributes most to the uncertainty in the simulated 
MPC concentrations. Similarly, FMC stormwater run-off was the main source of ecosystem 
health contaminants and thus had the greatest impact on the uncertainty in the simulated 
results. Despite ecosystem health contaminants in raw sewage (which contributed most to 
wet weather sewer overflow concentrations) being an order of magnitude higher than in FMC 
stormwater run-off, after a greater dilution of wet weather sewer overflow, concentrations 
were still lower from this source.   
 
Confidence in the simulated results could be improved by further sampling of the input 
concentration variables outlined in the sensitivity analysis as having the greatest impact on 
simulated concentrations. Furthermore, to test the reliability of simulated concentrations, a 
comparison between simulated MPC concentrations as a result of FMC stormwater run-off 
(without wet weather sewer overflow) and the single measured storm event (without sewer 
overflow) from Chapter 4 (which is also representative of stormwater run-off pollution in the 
MPC without sewer overflow) was undertaken. A comparison of simulated and measured 
results showed that simulated MPC concentrations of ammonia, cadmium and lead may 
overestimate MPC concentrations (from stormwater run-off) at the study site (even based on 
worst-case conditions). However, simulated MPC concentrations of nitrite, nitrate, electrical 
conductivity, boron, molybdenum, chromium, selenium and vanadium may underestimate 
MPC concentrations (from stormwater run-off) at the study site. 
 
For the most part however, the measured results support the simulated concentrations, 
providing some assurance of the reliability of the data for use in risk screening. When using 
the simulated results in Chapter 7 for risk screening, particularly where the contaminants 
may be over- or underestimated, measures will be explored to reduce the probability of 
underestimating the level of risk from wet weather sewer overflow. 
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CHAPTER 7 
RISK SCREENING OF CONTAMINANTS IN  
WET WEATHER SEWER OVERFLOW 
 
7.1 Introduction 
 
The literature review in Chapter 2 revealed that in addition to wet weather sewer overflow 
stormwater run-off was a major source of wet weather pollution in waterways. This chapter 
aims to determine for which contaminants wet weather sewer overflow is the main contributor 
and risk driver in light of pollution from stormwater run-off. This involves a qualitative 
conservative estimate of risk based on worst-case conditions, and is referred to as a risk 
screening phase. The contaminants identified as a high risk from wet weather sewer overflow 
through the risk screening process in this chapter are then assessed more rigorously using a 
Bayesian network model in Chapter 8. 
 
This approach is sometimes described as a tiered risk assessment and is described in some 
detail in Parkhurst et al. (1993) in relation to ecological risk assessment. The USEPA 
suggests this approach in its guidelines for ecological risk assessment (USEPA, 1998). A 
study in Sydney of the risks of chemicals in wet weather discharges also used a tiered 
approach in its risk assessment (Bickford et al., 1999). 
 
The tiered risk assessment involves initial investigation on a simpler scale, which is often 
qualitative, before undertaking more rigorous and time-consuming risk assessment. It allows 
more efficient use of resources and minimises unnecessary investigations (in this case by 
screening out contaminants which are not likely to be a threat from sewer overflow). In the 
present study a conservative or worst-case analysis is used in the risk screening phase to 
reduce the chance of prematurely screening out contaminants which are a threat from wet 
weather sewer overflow. 
 
This chapter begins with a discussion of the methods used to assign the level of risk 
(referred to as risk ranking) for various contaminants from wet weather sewer overflow based 
on worst-case concentrations. This is followed by a discussion and summary of the level of 
risk assigned for each contaminant included in the study. 
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7.2 Methods used to Rank the Level of Risk from Wet Weather Sewer Overflow for 
Different Contaminants. 
 
Chapter 6 predicted the highest possible worst-case concentrations in the MPC from wet 
weather sewer overflow and FMC stormwater run-off and from a combination of both. Worst-
case input concentration variables and hydrologic and hydraulic data were used in the 
simulation model to yield the highest possible worst-case concentrations in the MPC. All 
concentrations referred to in the following risk ranking process are equivalent to these 
conservative estimates of MPC concentrations 
 
The process used to assign the level of risk to various contaminants arising from wet weather 
sewer overflow in the MPC based on a worst-case scenario are discussed below and 
summarised in Figure 7.1. 
 
A low risk is assigned to contaminants from wet weather sewer overflow where: 
 
a) MPC concentrations from wet weather sewer overflow (only) are below water quality 
(WQ) objectives and combined MPC concentrations from wet weather sewer overflow 
and stormwater run-off do not exceed WQ objectives or  
 
b) Combined MPC concentrations from wet weather sewer overflow and stormwater run-off 
exceed WQ objectives but the concentration from stormwater run-off only (without sewer 
overflow) is already above the objective. 
 
A low risk is assigned where MPC concentrations are below the WQ objective, as it is 
assumed that any impact on the MPC from wet weather sewer overflow would be negligible. 
Where combined concentrations exceed objectives there is a potential threat from sewer 
overflow. However, if the estimated MPC concentration from stormwater run-off (without 
sewer overflow) is already above the objective, the addition of sewer overflow is not 
increasing concentrations above the WQ objective. In this case, considering that 
concentrations from wet weather sewer overflow alone do not exceed the criteria, a low risk 
is assigned. 
 
A medium risk is assigned to contaminants from wet weather sewer overflow where: 
 
a) MPC concentrations from sewer overflow (only) are above WQ objectives and MPC 
concentrations from sewer overflow are below concentrations resulting from stormwater 
run-off or 
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b) Combined MPC concentrations from sewer overflow and stormwater run-off exceed WQ 
objectives and the concentration from stormwater run-off only (without sewer overflow) is 
not already above objectives, but is above the concentration from sewer overflow. 
 
For these scenarios, stormwater is the main contributor of the contaminant and therefore 
source of risk. However, it is more likely that these scenarios (rather than low-risk scenarios) 
will result in an impact from wet weather sewer overflow and hence a medium risk is 
assigned.   
 
A high risk is assigned to contaminants from wet weather sewer overflow where: 
 
a) MPC concentrations from sewer overflow are above WQ objectives and MPC 
concentrations from sewer overflow exceed MPC concentrations from stormwater run-off 
or 
 
b) Combined MPC concentrations from sewer overflow and stormwater run-off are above 
the WQ objectives and the concentration from stormwater run-off only (without sewer 
overflow) is not already above objectives and is below the concentration from sewer 
overflow (only). 
 
In this case, the concentration from sewer overflow, whether as a combined concentration or 
on its own, not only exceeds the WQ objective but also the concentration from stormwater 
run-off. Therefore, the sewer overflow is the main wet weather source of the contaminant in 
the MPC and a high risk is assigned.   
 
In assessing adverse impacts from wet weather sewer overflow, the ambient conditions in 
the MPC (presented in Chapter 4) were considered, and where these ambient concentrations 
were already above WQ objectives, the impact of sewer overflow may be less critical. 
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Figure 7.1. Decision flowchart to assign the level of risk to contaminants threatening the MPC as a result of wet weather sewer overflow. 
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7.2.1 Water quality objectives used in risk ranking 
 
Guideline levels for contaminants outlined in the (SEPP WoV, 2003) - Schedule F7. Waters 
of the Yarra Catchment were used to represent WQ objectives in the risk ranking process 
described above. Where there was no value for a given contaminant in the SEPP (WoV, 
2003), the trigger values in the Australian and New Zealand Guidelines for Fresh and Marine 
Water Quality (2000) were used to represent safe levels (ANZECC and ARMCANZ, 2000a). 
Appendix D provides a complete list of water quality objectives used in the risk screening 
process which were also discussed and applied in Chapter 4.  
 
As mentioned in Section 4.6, the WQ objectives in the SEPP (WoV, 2003) and ANZECC 
guidelines are set at a level which protects the most sensitive use, which are commonly 
aquatic ecosystems. The exception is WQ objectives for nitrite, E.coli and enterococci. The 
WQ objective for nitrite is derived from ANZECC (2000) and applies to the protection of 
recreational users of the waterway, as there was no objective for the protection of aquatic 
ecosystems. As mentioned in Section 4.6, WQ objectives for E.coli and enterococci apply to 
primary recreation and aim to protect human health. In general, most other beneficial uses 
allow higher levels of faecal indicators than primary recreation, with the exception of irrigation 
where there is no restricted access, irrigation of human food crops and shell fishing water. 
 
Therefore in this chapter, the risk to receiving waterways associated with metals and 
ecosystem health contaminants refers primarily to the risk to aquatic ecosystems rather than 
human health. However, by protecting the most sensitive use (aquatic ecosystems) the other 
beneficial uses of the waterway are indirectly protected by the WQ objective. Therefore, 
where there is a low risk to aquatic ecosystems then the human health risk is also likely to be 
low. The risk associated with microbiological contaminants in receiving waterways as a result 
of sewer overflow refers to the risk to public health rather than aquatic ecosystems.  
 
Both SEPP (WoV, 2003) and ANZECC WQ objectives are designed for ambient waters 
based on sustained long-term exposure and do not necessarily represent safe levels for 
pulse or intermittent pollution, such as from wet weather sewer overflows and stormwater 
run-off. Intermittent discharges could be considered in terms of USEPA water quality criteria 
which include allowances for durations and frequencies above set criteria (USEPA 1992a, 
1994, referenced in Novotny and Witte, 1997). However, these methods are reported as only 
applicable in times of low flow, and other approaches utilising probabilistic principles to 
determine risks from wet weather discharges have been proposed (Novotny and Witte, 
1997). For the purposes of initial screening of risks from wet weather sewer overflow, it was 
considered prudent to use the conservative values outlined in SEPP (WoV, 2003) and 
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ANZECC. Furthermore, for initial screening the bioavailability of the pollutant was not always 
considered. For example, total rather than dissolved metals were compared against WQ 
objectives and ANZECC objectives were not adjusted for hardness.  
 
7.3 Results of the Risk Ranking Process 
 
Each of the figures in this section displays the simulated concentrations in the MPC 
calculated in Chapter 6, including from wet weather sewer overflow and stormwater run-off 
separately and also as a combined concentration. Also shown is the ambient MPC 
concentrations first summarised and presented in Chapter 4 at the various MPC sampling 
sites (refer to Figure 3.3 of Chapter 3 for sampling sites). Censored data are represented in 
the figures by a broken border around the respective bar. 
 
7.3.1 Microbiological contaminants 
 
E.coli and enterococci 
 
Figures 7.2 and 7.3 show that simulated MPC E.coli and enterococci concentrations resulting 
from wet weather sewer overflow and stormwater run-off both individually and collectively 
exceed WQ objectives (for primary recreation) by several orders of magnitude. However, wet 
weather sewer overflow is the main risk driver, with MPC concentrations exceeding those 
from stormwater run-off, and by more than double for enterococci. Furthermore, faecal 
indicators associated with stormwater run-off (without sewer overflow) are likely to be 
sourced primarily from animal faeces. In contrast, faecal indicators from wet weather sewer 
overflow would be mostly associated with human faecal material, which presents a greater 
human health risk (primarily from enteric viruses) than those from animal sources (NRMMC 
et al., 2009; WHO, 2003a).  
 
Figure 7.2 Simulated and measured ambient concentrations of E.coli in the MPC 
1 10 100 1000 10000 100000
Measured Ambient 
Simulated downstream
E.coli orgs/100ml
sewer overflow only Stormwater run-off only
Combined sewer overflow & stormwater Upstream-2 50 PCL
Upstream-1 50 PCL Downstream 50 PCL
↑WQ Obj. 
150
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Hence, a high risk to the MPC from faecal indicator contaminants as a result of wet weather 
sewer overflow is indicated. It is important to note that, as mentioned in previous chapters, 
faecal indicators are not disease-causing organisms but rather represent the potential for 
disease.  
 
Figures 7.2 and 7.3 also show that the concentrations of E.coli and enterococci in the MPC 
during ambient conditions also exceed WQ objectives (for primary recreation), particularly at 
the downstream site. However, as MPC concentrations from wet weather sewer overflow and 
stormwater run-off exceed ambient concentrations by up to several orders of magnitude, the 
risk posed by these events is likely to be much greater.   
 
 
Figure 7.3 Simulated and measured ambient concentrations of enterococci in the MPC 
 
7.3.2 Ecosystem Health contaminants 
 
Total phosphorous 
 
Figure 7.4 shows that, whilst combined concentrations of total phosphorous (TP) in the MPC 
exceed WQ objectives, concentrations from sewer overflow without stormwater are below the 
objective and ambient concentrations. Furthermore, stormwater run-off alone is above the 
objective and ambient concentrations. Figure 7.4 shows that stormwater is clearly the main 
risk driver for TP, with MPC concentrations from stormwater run-off an order of magnitude 
higher than from sewer overflow. Hence, even under worst-case conditions, sewer overflow 
poses a low risk to the MPC from TP.   
1 10 100 1000 10000 100000
Measured Ambient 
Simulated downstream
Enterococci orgs/100ml
Sewer overflow only Stormwater run-off only
Combined sewer overflow & stormwater Upstream-2 50 PCL
Upstream-1 50 PCL Downstream 50 PCL
↑ WQ Obj. 
35
212 
 
Figure 7.4 Simulated and measured ambient concentrations of total phosphorous in the MPC 
 
Orthophosphate 
 
Figure 7.5 shows that MPC concentrations of orthophosphate from sewer overflow are above 
both the WQ objective and ambient concentrations. However, predicted concentrations from 
stormwater run-off are approximately four times higher than those resulting from sewer 
overflow, contributing most to combined levels. Hence, stormwater run-off is the main source 
of orthophosphate in the MPC during a storm event. Ambient concentrations also exceed 
WQ objectives. Despite this, and the fact that stormwater is the greater source of wet 
weather orthophosphate pollution, concentrations resulting from sewer overflow still exceed 
the WQ objective and hence pose a medium risk to the MPC.  
 
 
Figure 7.5 Simulated and measured ambient concentrations of orthophosphate in the MPC 
  
0 0.1 0.2 0.3 0.4
Measured Ambient 
Simulated downstream
TP mg/L
Sewer overflow only Stormwater run-off only
Combined sewer overflow & stormwater Upstream-2 50 PCL
Upstream-1 50 PCL Downstream 50 PCL
↑WQ Obj. 0.1
0 0.2 0.4 0.6 0.8
Measured Ambient 
Simulated downstream
P04 mg/L
Sewer overflow only Stormwater run-off only
Combined sewer overflow & stormwater Upstream-2 50 PCL
Upstream-1 50 PCL Downstream 50 PCL
↑ WQ Obj. 0.02 
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Ammonia 
 
Figure 7.6 shows that all simulated ammonia concentrations are higher than ambient 
concentrations. MPC concentrations of ammonia from sewer overflow are also above the 
WQ objective. However, ambient concentrations of ammonia at the upstream-1 site already 
exceed WQ objectives. Stormwater run-off is the main source of ammonia in the MPC during 
a storm event, contributing most to combined concentrations. Hence, stormwater is the main 
risk driver for ammonia with sewer overflow posing a medium risk to the MPC from this 
contaminant.  
 
Figure 7.6 Simulated and measured ambient concentrations of ammonia in the MPC 
 
Total Nitrogen  
 
Figure 7.7 shows that concentrations of total nitrogen (TN) in the MPC resulting from sewer 
overflow are below both ambient concentrations and WQ objectives. When sewer overflow is 
combined with stormwater, MPC concentrations of TN exceed WQ objectives However, 
stormwater run-off alone is also above the objective and ambient concentrations. Therefore, 
stormwater is the main risk driver for TN, with sewer overflow posing a low risk to the MPC 
from this contaminant. 
 
Nitrite 
 
Figure 7.8 shows that both ambient and simulated concentrations are well below the WQ 
objective for nitrite. Only MPC concentrations as a result of combined sewer overflow and 
stormwater run-off are higher than the maximum ambient concentrations. The minimum 
ambient concentration is a censored value (as shown by the dotted line around the bar) and 
0 0.5 1 1.5
Measured Ambient 
Simulated downstream
NH3 mg/L
Sewer overflow only Stormwater run-off only
Combined sewer overflow & stormwater Upstream-2 50 PCL
Upstream-1 50 PCL Downstream 50 PCL
↑ Max WQ Obj. 
0.03
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a comparison with simulated concentrations is therefore not possible. MPC concentrations as 
a result of stormwater run-off are approximately 5 times higher than those resulting from 
sewer overflow. Therefore, sewer overflow poses a low risk to the MPC from nitrite. 
 
 
Figure 7.7 Simulated and measured ambient concentrations of total nitrogen in the MPC 
 
 
Figure 7.8 Simulated and measured ambient concentrations of nitrite in the MPC  
 
Nitrate 
 
Figure 7.9 shows that simulated and measured ambient concentrations meet WQ objectives. 
MPC nitrate concentrations as a result of sewer overflow are two orders of magnitude lower 
than from stormwater run-off, which makes up almost the entire combined concentration. 
MPC concentrations from sewer overflow are lower than the maximum ambient 
concentration, which is recorded at the downstream site. As the minimum ambient 
0 0.5 1 1.5 2 2.5
Measured Ambient 
Simulated downstream
TN mg/L
Sewer overflow only Stormwater run-off only
Combined sewer overflow & stormwater Upstream-2 50 PCL
Upstream-1 50 PCL Downstream 50 PCL
↑WQ Obj.1 
0 0.005 0.01 0.015
Measured Ambient 
Simulated downstream
N02 mg/L
Sewer overflow only Stormwater run-off only
Combined sewer overflow & stormwater All sites Minimum
All sites Maximum
WQ Obj. 1 →
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concentration, which is recorded at the upstream 1 and 2 sites, is a censored value (shown 
by the dotted line around the bar), a comparison with simulated concentrations is not 
possible. Sewer overflow poses a low risk to the MPC from nitrate. 
 
 
Figure 7.9 Simulated and measured ambient concentrations of nitrate in the MPC  
 
Electrical conductivity 
 
Figure 7.10 shows that the simulated levels for electrical conductivity (EC) are well below 
those for ambient conditions and the WQ objectives. Therefore, in relation to EC, sewer 
overflow poses a low risk to the MPC. Ambient EC is well in excess of WQ objectives. 
Measured levels of EC in Chapter 4 also showed a similar pattern, with ambient EC levels 
much higher than during the storm event due to the dilution effect of total dissolved solids 
that occurs with greater stream flows. 
 
 
Figure 7.10 Simulated and measured ambient levels of EC in the MPC 
0 0.05 0.1 0.15 0.2 0.25
Measured Ambient 
Simulated downstream
N03 mg/L
Sewer overflow only Stormwater run-off only
Combined sewer overflow & stormwater Upstream-1 & 2 min & max
Downstream 50 PCL
WQ Obj. 0.7 →
0 1000 2000 3000
Measured Ambient 
Simulated downstream
EC µS/m
Sewer overflow only Stormwater run-off only
Combined sewer overflow & stormwater Upstream-2 75 PCL
Upstream-1 75 PCL Downstream 75 PCL
↑WQ Obj.
≤500 
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7.3.3 Metal contaminants 
 
Figures 7.11 to 7.31 show the results of simulated and ambient concentrations for all metal 
contaminants. An overall summary of the results is provided in this section.  
 
Figures 7.11 to 7.31 show that for all metals (except thallium, tin and beryllium), 
concentrations in the MPC from stormwater run-off exceed concentrations from sewer 
overflow by at least one order of magnitude and up to two orders of magnitude. Hence, 
based on simulated MPC concentrations, stormwater is clearly a greater source of metal 
contaminants in the MPC than sewer overflow, contributing most to combined 
concentrations. For thallium, tin and beryllium, all simulated concentrations are censored and 
therefore a comparison of MPC concentrations resulting from stormwater run-off and sewer 
overflow could not be made. 
 
Simulated MPC concentrations of some metal contaminants from stormwater run-off (only) 
exceed WQ objectives. This included aluminium, cadmium, copper, iron, lead, mercury, silver 
and zinc as shown in Figures 7.11, 7.16, 7.18, 7.20, 7.21, 7.23, 7.27 & 7.31 respectively. 
Ambient concentrations of aluminium, copper and zinc are also above WQ objectives (see 
Figures 7.11, 7.18, 7.31). However, MPC concentrations from stormwater run-off are above 
ambient conditions for these same three metals but also cadmium, iron, lead, mercury and 
silver (see Figures 7.16, 7.20, 7.21, 7.23 & 7.27). This indicates that stormwater run-off adds 
to the existing concentration of these contaminants in the waterway. Therefore, for these 
eight metals in particular stormwater run-off clearly poses a threat to the MPC. 
 
Figures 7.16, 7.21 and 7.31 show that MPC concentrations as a result of sewer overflow are 
only above WQ objectives for cadmium, lead and zinc respectively. However, as already 
mentioned, MPC concentrations from stormwater are also above WQ objectives for these 
three contaminants and are well above concentrations from sewer overflow (by up to two 
orders of magnitude). Hence, stormwater is clearly the main risk driver for these three 
contaminants, with sewer overflow posing a medium rather than high risk to the MPC for 
cadmium, lead and zinc. For all other metals, predicted concentrations from sewer overflow 
are below the WQ objective and pose a low risk to the MPC.   
 
MPC concentrations from combined stormwater run-off and sewer overflow exceed the WQ 
objectives for some of the contaminants for which sewer overflow alone does not exceed the 
WQ objectives. These contaminants include aluminium, copper, iron, mercury, and silver 
(refer to Figures 7.11, 7.18, 7.20, 7.23 and 7.27 respectively). It has already been 
established that concentrations from stormwater run-off without sewer overflow exceed WQ 
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objectives for these contaminants. Hence, the addition of these metals from sewer overflow 
is not increasing the concentration above the WQ objectives. In addition, considering that 
concentrations in the MPC from wet weather sewer overflow alone do not exceed the WQ 
objective, a low risk from sewer overflow for these metals is justified.   
 
Not only are the MPC concentrations from sewer overflow lower than predicted metal 
concentrations from stormwater run-off, but often also ambient concentrations, including 
aluminum, arsenic, boron, copper (at most sites), iron, manganese, nickel and zinc (refer to 
Figures 7.11, 7.13, 7.15, 7.18, 7.20, 7.22, 7.26 and 7.31 respectively). This further 
emphasizes the minimal impact sewer overflow is likely to have in relation to these 
contaminants on an already quite degraded waterway. The fact that ambient MPC 
concentrations of zinc are above simulated concentrations from wet weather sewer overflow 
further supports a medium rather than high risk from sewer overflow for this contaminant.  
 
Only concentrations resulting from sewer overflow for lead and cadmium are above ambient 
concentrations. This was confirmed only for the minimum recorded ambient lead and 
cadmium concentration, as the maximum value has a detection limit above the simulated 
MPC concentration from sewer overflow. For the remaining metals (antimony, beryllium, 
mercury, vanadium, silver, tin, molybdenum, thallium, selenium, cobalt and chromium) 
comparisons between ambient and simulated values are not possible, as one or both had 
censored values with detection limits above the other value and/or WQ objectives.  
 
 
Figure 7.11 Simulated and measured ambient concentrations of aluminium in the MPC
0 0.2 0.4 0.6
Measured Ambient 
Simulated downstream
Al mg/L
Sewer overflow only stormwater run-off only
Combined sewer overflow & stormwater Upstream-2 grab sample
Upstream-1 grab sample Downstream grab sample
↑ WQ Obj. 
0.1
Figure 7.12 Simulated and measured ambient concentrations of 
antimony in the MPC  
 
Figure 7.14 Simulated and measured ambient concentrations of 
beryllium in the MPC 
0 0.002 0.004
Measured Ambient 
Simulated 
downstream
Sb mg/L
Sewer spill only
Stormwater run-off only
Combined sewer overflow and stormwater
All sites grab sample
0 0.002 0.004
Measured Ambient 
Simulated downstream
Be mg/Lsewer overflow only
Stormwater only
Combined sewer overflow & stormwater
All sites grab sample
↑ WQ Obj. 
0.004
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Figure 7.13 Simulated and measured ambient concentrations of 
arsenic in the MPC 
 
Figure 7.15 Simulated and measured ambient concentrations of 
in the MPC 
0.006
WQ Obj. 
0.009   →
0.006
0 0.001
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Simulated downstream
Sewer overflow only
Stormwater run-off only
Combined sewer overflow & stormwater 
Upstream-2 95 PCL
Upstream-1 95 PCL
Downstream 95 PCL
0 0.05
Measured Ambient 
Simulated downstream
Sewer overflow only
stormwater run-off only
Combined sewer overflow & stormwater
Upstream-2 grab sample
Upstream-1 grab sample
Downstream grab sample
 
 
boron 
0.002 0.003 0.004
As mg/L
WQ Obj. 
0.05   →
0.1 0.15
B mg/L
WQ Obj. 0.37  →
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Figure 7.16 Simulated and measured ambient concentrations of 
cadmium in the MPC 
 
 
Figure 7.18 Simulated and measured ambient concentrations of 
copper in the MPC 
 
Figure 7.17 Simulated and measured ambient concentrations of cobalt 
in the MPC 
 
 
Figure 7.19 Simulated and measured ambient concentrations of 
chromium in the MPC 
0 0.005 0.01 0.015
Measured Ambient 
Simulated downstream
Cd mg/L
Sewer overflow only
Stormwater run-off only
Combined sewer overflow & stormwater
All sites minimum
All sites maximum
↑WQ Obj.
0.0002
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Simulated downstream
Cu mg/L
Sewer overflow only
Stormwater run-off
Combined seweroverflow & stormwater
Upstream-2 95 PCL
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Upstream-1 Minimum
Downstream 95 PCL
↑ WQ Obj. 0.002
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Simulated downstream
Co mg/L
Sewer overflow only
Stormwater run-off only
Combined sewer overflow and stormwater
All sites grab sample
↑WQ Obj.  
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Simulated downstream
Cr mg/L
Sewer overflow only
Stormwater run-off only
Combined sewer overflow & stormwater
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↑ WQ Obj.  0.01
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Figure 7.20 Simulated and measured ambient concentrations of iron in 
the MPC 
 
 
Figure 7.22 Simulated and measured ambient concentrations of 
manganese in the MPC 
 
Figure 7.21 Simulated and measured ambient concentrations of lead in 
the MPC 
 
 
Figure 7.23 Simulated and measured ambient concentrations of 
mercury in the MPC 
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Upstream-1 grab sample
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Sewer overflow only
Stormwater run-off only
Combined sewer overflow & stormwater
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0.001
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Sewer overflow only
Stormwater run-off only
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↑WQ Obj. 
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Figure 7.24 Simulated and measured ambient concentrations of 
selenium in the MPC 
 
 
Figure 7.26 Simulated and measured ambient concentrations of nickel 
in the MPC 
 
Figure 7.25 Simulated and measured ambient concentrations of 
molybdenum in the MPC 
 
 
Figure 7.27 Simulated and measured ambient concentrations of silver 
in the MPC 
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Stormwater run-off only
Combined sewer overflow and stormwater
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Stormwater run-off only
Combined sewer overflow & stormwater 
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Stormwater run-off only
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WQ Obj. 0.034  →
0 0.002 0.004 0.006
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Stormwater run-off only
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Upstream-1 grab sample
Downstream grab sample
↑WQ Obj. 
0.0001
Figure 7.28 Simulated and measured ambient concentrations of 
vanadium in the MPC 
 
Figure 7.30 Simulated and measured ambient concentrations of 
the MPC 
0 0.002 0.004
Measured Ambient 
Simulated downstream
V mg/L
Sewer overflow only
Stormwater run-off only
Combined sewer overflow & stormwater
All sites grab sample
0 0.002 0.004
Measured Ambient 
Simulated downstream
Sn mg/L
sewer overflow only
Stormwater run-off only
Combined sewer overflow & stormwater
All sites grab sample
↑WQ Obj. 
0.003 
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tin in 
Figure 7.29 Simulated and measured
thallium in the MPC 
 
Figure 7.31 Simulated and measured ambient concentrations of 
the MPC 
0.006
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7.3.4 Risk Ranking Summary  
 
Table 7.1 provides a summary of contaminants for which the WQ objective was exceeded in 
the MPC as a result of wet weather sewer overflow, stormwater run-off and combined 
concentrations (from sewer overflow and stormwater run-off). Hence, contaminants listed in 
Table 7.1 from these three different scenarios pose a potential threat to the MPC.  
 
Based on the method used to assign the level of risk from wet weather sewer overflow 
presented in Section 7.2 (and summarized in Figure 7.1), a medium and low risk is assigned 
for ecosystem health and metal contaminants which do and do not exceed the WQ 
objectives respectively as a result of sewer overflow (as shown in Table 7.2).  
 
Ecosystem health and metal contaminants which exceeded WQ objectives as a result of 
sewer overflow (see Table 7.1), and were subsequently ranked as medium risk (see Table 
7.2), include orthophosphate, ammonia, cadmium, lead and zinc. MPC concentrations of 
these same contaminants from stormwater run-off also exceeded the WQ objective (as 
shown in Table 7.1) and concentrations from sewer overflow by up to two orders of 
magnitude. Hence stormwater run-off is the main contributor of wet weather pollution and risk 
to the MPC for these contaminants.   
 
For some metal and ecosystem health contaminants, whilst the concentration from sewer 
overflow in the MPC did not exceed WQ objectives, combined concentrations of sewer 
overflow and stormwater run-off exceeded WQ objectives (shown in Column 3 of Table 7.1). 
However, for these contaminants the predicted MPC concentrations from stormwater run-off 
(without sewer overflow) are already above the WQ objectives. Hence, the addition of these 
contaminants from sewer overflow is not increasing the concentration above the WQ 
objective and the impacts from wet weather sewer overflow when compared with stormwater 
run-off are negligible. Therefore, the risk from wet weather sewer overflow remains low for 
these contaminants (as shown in Table 7.2). 
 
For many ecosystem health and metal contaminants, MPC concentrations from sewer 
overflow were below ambient concentrations. This was confirmed for: 
 
• Aluminium, arsenic, boron, copper (at most sites), iron, manganese, nickel, zinc, total 
phosphorus, total nitrogen, electrical conductivity and the maximum ambient 
concentrations of nitrate and nitrite. 
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This further emphasizes the minimal impact sewer overflow is likely to have in relation to 
these contaminants on an already quite degraded waterway. The fact that ambient MPC 
concentrations of zinc were above simulated concentrations from wet weather sewer 
overflow further supports a medium rather than high risk from sewer overflow for this 
contaminant.  
 
Table 7.1 Contaminants which exceed the WQ objectives based on simulated concentrations 
in the MPC following wet weather sewer overflow, stormwater run-off and combined sewer 
overflow and stormwater run-off 
Sewer overflow only Stormwater run-off only 
Combined stormwater and 
sewer overflow 
E.coli E.coli E.coli 
Enterococci Enterococci Enterococci 
Ammonia Total phosphorous Total phosphorous 
Orthophosphate Orthophosphate Orthophosphate 
Cadmium Ammonia Ammonia 
Lead Total nitrogen Total nitrogen 
Zinc Aluminium Aluminium 
 Cadmium Cadmium 
 Copper Copper 
 Iron Iron 
 Lead Lead 
 Mercury Mercury 
 Silver Silver 
 Zinc Zinc 
 
Sewer overflow is the main risk driver for faecal indicators, with MPC concentrations from 
sewer overflow exceeding concentrations from stormwater run-off. MPC concentrations of 
faecal indicators from sewer overflow were also several orders of magnitude above WQ 
objectives (see Table 7.1) and ambient concentrations. Furthermore, where faecal indicators 
are associated with sewage (which is the primary source of human enteric viruses from wet 
weather discharges), they present a much greater risk to human health than faecal indicators 
from other sources. Hence, a high risk is assigned to sewer overflow from these 
contaminants in Table 7.2. 
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Table 7.2 Risk posed to the MPC by wet weather sewer overflow for various contaminants  
Low risk Medium risk High risk 
Total phosphorous Orthophosphate E.coli 
Total Nitrogen Ammonia Enterococci 
Nitrite Cadmium  
Nitrate Lead  
Electrical conductivity Zinc  
Aluminium   
Antimony   
Arsenic   
Beryllium   
Boron   
Chromium   
Cobalt   
Copper   
Iron   
Manganese   
Mercury   
Molybdenum   
Nickel   
Selenium   
Silver   
Thallium   
Tin   
Vanadium   
 
7.4 Risk Ranking Discussion 
 
The findings of the risk screening process in this chapter in relation to microbiological 
contaminants were similar to other Australian studies (D.A. Lord & Associates Pty Ltd., 1997; 
Pollard et al., 2005) which also found that sewer overflows pose a greater threat to public 
health than stormwater run-off. Risk screening is a conservative and qualitative assessment 
of risk and hence may overestimate risk. On the basis of the findings presented in this 
chapter, a more rigorous investigation of the public health risk associated with wet weather 
sewer overflow from microbiological contaminants is justified and will build upon the findings 
of risk screening.  
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For ecosystem health and metal contaminants posing a medium risk to the MPC from sewer 
overflow (orthophosphate, ammonia, cadmium, lead and zinc), it is unlikely that there would 
be any improvement in water quality if sewer overflow was abated. The reason is that 
stormwater run-off is by far the main wet weather source of these contaminants. Hence, 
stormwater rather than sewer overflow management, should be a higher priority in relation to 
these contaminants.   
 
In addition, stormwater run-off should also be the focus of concern for the other ecosystem 
health and metal contaminants where WQ objectives were exceeded from stormwater run-off 
(shown in Table 7.1). This being said, findings in this chapter were based on a worst-case 
analysis for risk screening purposes, and further investigation would be required of these 
contaminants to confirm adverse impacts from stormwater run-off. For example, a 
comparison with the SEPP (WoV, 2003) and ANZECC WQ objectives, which are designed 
for ambient long term situations, does not account for the potentially brief and infrequent 
exposure from stormwater concentrations. Furthermore, a comparison with dissolved rather 
than total metals and more complex estimates of metal bio-availability may be required. 
Sampling over a range of storms and other important hydraulic and hydrologic variables 
(discussed in Chapter 5), rather than based on worst-case conservative hydrologic and 
hydraulic conditions, which were used to predict concentrations for risk screening, would also 
be necessary. 
 
Other studies investigating the impact of sewer overflows in Australia have also reported 
stormwater as a greater stressor on ecological health than sewer overflow (D.A. Lord & 
Associates Pty Ltd., 1997; Pollard et al., 2005). Furthermore, a Sydney study (Bickford et al., 
1999) of the human and aquatic health risks associated with chemicals in wet weather 
discharges found that chemicals posing a risk to aquatic life and a human cancer risk were 
predominantly from stormwater. The exception to this was for ammonia and nitrite, which the 
Sydney study (Bickford et al., 1999) found were associated with both stormwater and wet 
weather sewer overflow inputs. Hence Bickford et al. (1999) concluded that sewer overflow 
abatement reduced the risks from these two contaminants for most waterways. Furthermore, 
the study found that, despite silver being primarily associated with stormwater run-off, the 
duration of risk associated with this contaminant was reduced following sewer overflow 
abatement in some waterways.  
 
Based on a very conservative estimate of risk, in the present study sewer overflow was found 
to pose a low risk from nitrite and silver and a medium risk from ammonia at the MPC study 
site. The Sydney study investigated a broad range of different catchments and receiving 
waterway sites and a reduction in risk from ammonia, nitrite and silver following sewer 
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overflow abatement was not found at 100% of sites. Hence, on the basis of the findings of 
the present research in relation to these three contaminants and the variation in findings for 
different sites in the Sydney Water study, it is clear that risk outcomes for various 
contaminants can vary based on the differences at sewer overflow sites. This was also 
discussed in the literature review in Chapter 2. The study site in the present research was 
chosen to best represent a typical urban domestic sewerage catchment, with overflows 
discharging to urban freshwater streams. Nevertheless, caution should still be exercised in 
extrapolating risk screening findings from this study to other similar sites and the findings are 
not representative of other types of catchments or receiving waterways.  
 
A comparison of measured and simulated MPC concentrations presented in Section 6.6 of 
Chapter 6 showed that simulated ammonia, cadmium and lead concentrations in the MPC 
from stormwater run-off may be overestimated. However, this would need to be confirmed by 
means of further sampling of stormwater run-off at the study site. If simulated worst-case 
MPC concentrations from stormwater run-off are over estimated at the site, sewer overflow 
may contribute more to combined concentrations then is shown in this chapter, and/or could 
be above concentrations from stormwater run-off. Consequently, the risks from sewer 
overflow of ammonia, cadmium and lead could potentially be underestimated in the risk 
screening process. 
 
However, given the measures put in place to ensure a conservative estimate of MPC 
concentrations from wet weather sewer overflow, it is not likely that the risk from sewer 
overflow was underestimated for these contaminants. For instance, the highest possible 
worst-case concentrations in the MPC from wet weather sewer overflow were used in the risk 
screening process. Furthermore, a stormwater inflow concentration is included in estimating 
concentrations in wet weather sewer overflow (refer to Section 6.2 of Chapter 6). This 
provides a higher sewer overflow concentration, particularly for metals, for which diluted raw 
sewage was shown to have almost no contribution to the sewer overflow concentration (refer 
to Section 6.5.1 of Chapter 6). Section.6.4.1 of Chapter 6 explained that MPC contaminant 
concentrations upstream of the FMC outlet, which would include stormwater and diffuse 
sources from the larger MPC catchment, were not included in predicting MPC 
concentrations. Without upstream concentrations, wet weather sewer overflow contributed 
more to the combined MPC concentrations, thus providing a more conservative assessment 
of risks from sewer overflow. Finally, predicted concentrations were compared against 
ambient water quality objectives, which are relevant for chronic rather than intermittent 
exposure and mostly non bio-available forms of contaminants are predicted (such as total 
rather than dissolved metals). Further sampling at the study site of cadmium, lead and 
particularly ammonia (given the findings of the Sydney study), in stormwater run-off and 
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sewer overflow would help reduce any uncertainty in risk outcomes for these contaminants at 
the study site.  
 
The outcomes of the risk ranking process are not unexpected as sensitivity analysis 
conducted for the simulation model in Section 6.5 of Chapter 6 gave an initial indication of 
these results. The sensitivity analysis showed that FMC stormwater run-off contributed most 
to MPC concentrations of ecosystem health and metal contaminants, whereas sewer 
overflow was the main source of faecal indicators. Due to a smaller discharge volume, 
contaminants in wet weather sewer overflow undergo a much greater dilution in the MPC 
than the FMC stormwater run-off (as shown in Chapters 5 and 6). Therefore, in order for 
MPC concentrations from sewer overflow to be higher than from stormwater run-off, 
concentrations in the wet weather sewer overflow (prior to dilution in the MPC) need to be 
well in excess of those in stormwater run-off. This was only the case for microbiological 
contaminants, due to faecal indicator concentrations in raw sewage being two orders of 
magnitude higher than in stormwater run-off (refer to Section 6.2.2 of Chapter 6).  
 
In assessing adverse impacts from wet weather sewer overflow, the ambient conditions in 
the MPC were considered, and where these ambient concentrations were already above WQ 
objectives, the impact of sewer overflow was considered less critical. However, it is also 
important to point out that it is likely that wet weather discharges over time contribute to the 
degraded nature of the ambient water quality of the stream. Hence, even if ambient 
concentrations in the MPC are greater than during wet weather sewer overflow or stormwater 
run-off, which is often due to a dilution effect (as shown in Chapter 4 for EC, ammonia and 
some metals), these events will still add an extra load of contaminants to the stream.  
 
7.5 Summary and Conclusion 
 
Risk screening was undertaken in this chapter to determine the risk to the Moonee Ponds 
Creek (MPC) from various contaminants as a result of wet weather sewer overflow. Risk 
screening included an initial conservative estimate of risk based on a worst-case scenario to 
screen out contaminants which are not likely to be a threat from sewer overflow. 
Consequently, more time-consuming investigations will not be wasted on these 
contaminants. The highest predicted in-stream MPC concentrations were used in risk 
screening, derived from worst-case 95th percentile input concentration variables and 
hydraulic and hydrologic data yielding the lowest MPC dilution. 
 
Risk screening identified those contaminants for which wet weather sewer overflow is the 
main contributor and source of risk, as opposed to pollution from stormwater run-off. Wet 
weather sewer overflow was identified as the main source of risk (or a high risk) where 
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contaminants from sewer overflow exceeded both the water quality (WQ) objectives and 
MPC concentrations from stormwater run-off. In addition, a high risk from sewer overflow 
was indicated for contaminants where combined MPC concentrations from sewer overflow 
and stormwater run-off were above the WQ objectives and the concentration from 
stormwater run-off only (without sewer overflow) was not already above objectives and was 
below the concentration from sewer overflow (only). Concentrations in the MPC resulting 
from sewer overflow were also compared against ambient measured data to determine the 
impact on the existing conditions in the creek. The level of risk, referred to in this chapter, 
associated with ecosystem health and metal contaminants in sewer overflow was primarily to 
aquatic ecosystems in the MPC. On the other hand, the level of risk associated with 
microbiological contaminants refers to the risk to public health rather than aquatic 
ecosystems.  
 
Risk ranking results showed that the risk to the MPC from wet weather sewer overflow was 
low for most ecosystem health and metal contaminants. MPC concentrations for most of 
these contaminants from sewer overflow were below both WQ objectives and concentrations 
resulting from stormwater run-off. For some ecosystem health and metal contaminants, 
whilst the concentration from sewer overflow in the MPC did not exceed WQ objectives, 
combined concentrations of sewer overflow and stormwater run-off exceeded WQ objectives. 
However, for these same contaminants the predicted MPC concentration from stormwater 
run-off (without sewer overflow) was already above the WQ objective. Hence, the impacts of 
wet weather sewer overflow when compared with stormwater run-off is negligible and thus 
the risk from wet weather sewer overflow is still low. For many of these ecosystem health 
and metal contaminants, the concentrations in the MPC resulting from sewer overflow were 
also below the ambient concentrations, further supporting a low risk from sewer overflow. 
 
Wet weather sewer overflow poses a medium risk to the MPC for orthophosphate, ammonia, 
cadmium, lead and zinc. For all these contaminants, predicted concentrations from sewer 
overflow were above the WQ objective but were still below concentrations from stormwater 
run-off. In addition, ambient concentrations of zinc were above concentrations from wet 
weather sewer overflow. This indicates that this contaminant in particular is less critical from 
wet weather sewer overflow and further supports a medium rather than high risk from wet 
weather sewer overflow.  
 
Stormwater run-off was clearly the main contributor of wet weather pollution in the MPC for 
orthophosphate, ammonia, cadmium, lead and zinc and should be the priority of any 
management action relating to these contaminants. Stormwater was also highlighted as a 
potential threat in relation to other ecosystem health and metal contaminants, including 
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phosphorous, total nitrogen, aluminium, copper, iron, mercury and silver. Further 
investigation would be needed to confirm adverse impacts from stormwater run-off in relation 
to these contaminants as the results are based only on a worst-case scenario and qualitative 
risk screening.  
 
There is a possibility that simulated concentrations of ammonia, cadmium and lead from 
stormwater run-off were over estimated at the study site. Hence, sewer overflow may 
contribute more to these contaminants than was indicated in the risk screening process. Due 
to other conservative measures put in place, it is not likely that this resulted in the risk from 
sewer overflow being underestimated for these contaminants. However, further water quality 
sampling of stormwater run-off and wet weather sewer overflow at the study site would 
increase confidence in risk outcomes for these contaminants. 
 
Wet weather sewer overflow, rather than stormwater run-off, was the main contributor and 
source of risk of E.coli and enterococci at the study site and was assigned a high risk for 
these contaminants. Furthermore, faecal indicators arising from human sewage present a 
much greater threat than those from other sources such as animal faecal matter, which may 
be the primary source of faecal indicators in stormwater run-off. Therefore, a more in-depth 
assessment of the public health risk from microbiological hazards resulting from sewer 
overflow is warranted. A semi-quantitative approach using a Bayesian network model is 
presented in the following chapter to assess the public health risk from microbiological 
contaminants.  
 
231 
CHAPTER 8 
A BAYESIAN NETWORK MODEL TO DETERMINE THE PUBLIC 
HEALTH RISKS ASSOCIATED WITH WET WEATHER SEWER 
OVERFLOW 
 
8.1 Introduction 
 
In the previous chapter the level of risk was determined by means of a comparison of the 
estimated concentration of various contaminants in the Moonee Ponds Creek (MPC) based 
on worst-case conditions with water quality objectives. This approach was considered 
appropriate for initial screening, in order that a more rigorous analysis is not wasted on 
obviously low risk contaminants. For the microbiological contaminants which were 
highlighted as high risk as a result of initial screening, a more detailed risk analysis is 
presented in this chapter, with a focus on Bayesian networks (BNs). Although the application 
of BNs in risk assessment has become more prevalent in recent times (e.g. Borsuk et al., 
2004; Dorner et al., 2007; Pollino et al., 2007), it is a novel application for risk analysis 
relating to wet weather sewer overflows. Essentially BNs, also known as Bayesian belief 
networks, are graphical models which represent causal relationships between variables in a 
system and allow reasoning about an uncertain domain. 
 
In the current study risk screening in Chapter 7 focused on one variable only, the predicted 
contaminant concentration in the MPC. The BN approach allows other variables within the 
system that may contribute to risk to be included as part of a conceptual or graphical model. 
Furthermore, unlike in risk screening, BNs account for uncertainty through the use of 
probabilities which are used to express values of variables and also relationships between 
variables within a system. In particular, the BN can account for the variability in the 
characteristics of wet weather sewer overflows and receiving waterways, which as shown in 
Section 2.6 represents a major source of uncertainty in determining impacts or risks from 
these events. 
 
The aim of the chapter is to identify the public health risks associated with microbiological 
contaminants as a result of wet weather sewer overflow discharging into the MPC, through 
the use of a BN model. In addition, the BN is used to determine the variables in the system 
which are most influential on the level of risk. This will indicate areas where data are most 
needed and the degree to which management options relating to particular variables within 
the system impact on risk. 
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The literature review showed that, due to the variability inherent in sewer overflow events 
and resulting impacts (Bickford et al., 1999; Hall et al., 1998; Iannuzzi et al., 1997; Marsalek 
et al., 1999), the ability to extrapolate findings of various studies to inform management of 
sewer overflows is limited. In this chapter, the BN is used to examine different scenarios and 
resulting risk outcomes for a system using probabilistic inference, thus demonstrating how 
the model is also applicable for other sewer overflow events or sites. 
 
Extensive quantitative data are not always readily available to water companies, which may 
limit the use of some risk assessment techniques for wet weather sewer overflow events. 
BNs are useful where data are scant as they allow subjective assessments of probability 
such as expert opinions to be used. Finally, this chapter shows how both subjective and 
quantitative data can be used to express probabilities within the BN system and at the same 
acknowledge the uncertainty of the data. 
 
The chapter includes an overview of the model construction process, including the model’s 
structure, a description of the model’s variables and the states and probabilities assigned for 
each variable in the network. This is followed by an evaluation of the model, including 
sensitivity analysis and expert review. Figure 8.1 provides a summary of the various stages 
involved in developing and evaluating the BN model. Finally, the risk outcomes from the 
model are discussed for the current situation at the study site and also for alternative 
scenarios using probabilistic inference, with a particular focus on the effectiveness of various 
sewer overflow management options in the reduction of public health risks. 
 
Figure 8.1 Summary of the steps undertaken in development of the BN model  
Develop model structure 
• Identify important variables 
• Identify relationships between variables 
Evaluate BN model  
• Sensitivity analysis 
• Expert review- testing model scenarios 
Update the BN model 
Describe model variables  
• Assign states to each variable 
Parameterise the BN  
• Assign probabilities to variable states 
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8.2 Developing the Bayesian Network Model Structure  
 
The model structure of a BN is made up of important variables and the relationships between 
these variables within a system, and is often derived from a conceptual model of the system. 
Therefore, the first step in building the model structure was to identify the important variables 
within the system and the relationships (dependencies) between them. The graphical 
depiction of the variables is represented by nodes and the dependence between one variable 
and another is represented by a directional arc or link connecting them. The BN structure 
developed for the present study is shown in Figure 8.2. The variables or nodes are 
represented in green and purple and there is a directed link between the nodes where there 
is a direct relationship. For instance, the in-stream enterococci node is dependent on or 
caused by the wet weather overflow node, as shown by the directed arc from the latter to the 
former. In relation to the terminology used for the BN structure, a variable is described as a 
parent of a child node if there is an arc from the former to the latter (Korb and Nicholson, 
2004). Hence, in this case the wet weather overflow node would be described as a parent 
node of the child node; enterococci. Nodes which may not be a direct child or parent node 
are described as ancestors or descendant nodes, and are those that appear earlier or later in 
a chain of directed nodes respectively (Korb and Nicholson, 2004). For instance, in Figure 
8.2 the dry weather sewer flow (DWF) concentration node is an ancestor of all the waterway 
value nodes in purple as although there is not a direct link between them, they are connected 
via the in-stream E.coli and enterococci nodes. The BN structure is discussed in detail below, 
including each variable and the relationships or dependencies between variables. 
 
There are two distinct groups of variables included in the BN model in Figure 8.2 as follows: 
 
• Waterway values. These include the public health values of the waterway that are 
protected and may be threatened by the wet weather sewer overflow. These values act 
as the assessment endpoints in the model and the risk to these values from sewer 
overflow and associated hazards will be determined. The waterway values are shown as 
the purple nodes in the BN model in Figure 8.2. 
 
• Threats to the waterway values. As the name suggests, these variables pose a public 
health threat to the waterway values and are shown as the green nodes in Figure 8.2 
 
A more detailed discussion of the waterway values and threats to waterway values nodes 
included in the BN model is presented below.   
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Figure 8.2 Schematic diagram of the Bayesian network causal structure
Irrigation Human Food Crops
Secondary Recreation 
Waterway Use MS
Waterway Use NFCs
Waterway Use SR
Irrigation Municipal Spaces
Irrigation Non-Food Crops
Waterway Use PR
In-stream E.coli 
In-stream Enterocococci 
Primary Recreation
Raw sewage concentration
Wet weather sewer overflow
Waterway Use HFCs
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8.2.1 Identifying the waterway values 
 
The State Environment Protection Policy (SEPP (WoV, 2003)) provides for beneficial uses to 
be protected for urban waterways such as the MPC and served as the principal source used 
to identify potential waterway values. In addition to this legislation, the Port Phillip and 
Westernport Regional River Health Strategy (RRHS) (Melbourne Water and Port Phillip and 
Westernport CMA, 2006) was referred to, which is a strategy developed to protect the rivers 
and creeks throughout these regions of Victoria. The RRHS, which was developed in 
consultation with a wide range of stakeholders and community groups, also identified 
features of the rivers in the Port Phillip and Westernport region which were of value and 
considered important to protect. Five beneficial uses or waterway values identified in the 
SEPP (WoV, 2003) and RRHS, considered relevant to human health risks associated with 
using the waterway following sewer overflows were included in the BN model as shown in 
Figure 8.2 (refer to the purple nodes). These five waterway values are listed and defined 
below.  
 
• Primary recreation (PR): This term refers to ‘recreational activity where the whole body 
or the face and trunk are frequently immersed or the face is frequently made wet by spray 
(e.g. swimming, diving, surfing, whitewater canoeing)’ (WHO, 2003b: p 11)  
 
• Secondary recreation (SR): This is defined as an ‘activity in which only the limbs are 
regularly wet and in which greater contact is unusual (e.g. boating, fishing, wading)’ 
(WHO, 2003b: p 10). This waterway value excludes commercial fishing.  
 
• Irrigation of human food crops (unrestricted) (HFCs): This includes irrigation of all 
food crop types including raw human food crops in direct contact with irrigation water with 
no on-site preventative application or access measures necessary. 
 
• Irrigation of municipal spaces (unrestricted) (MS): This includes irrigation of sports 
fields, open spaces, parks and gardens, golf courses and dust suppression systems. 
There is unrestricted public access and application (e.g. sprays). 
 
• Irrigation of non-food crops (restricted access) (NHFCs): This includes irrigation of 
turf, trees and flowers with restricted application such as drip irrigation and no access or 
restricted public access. 
 
Australian Guidelines for Water Recycling (NRMMC et al., 2006) allow for less stringent 
water quality objectives where on-site preventative measures are used for irrigation of HFCs 
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and MS. These include such practices as growing crops which will not come into contact with 
irrigation water or which are processed before consumption, and restricting public access to 
municipal areas for a time after irrigation. Without considering a specific case study, it is 
uncertain what on-site controls may be employed. As a result, the most conservative 
irrigation type (unrestricted access) has been used for HFCs and MS. On the other hand, 
irrigation of NFCs in the model reflects restricted access (which for this type of irrigation is 
typical) including restriction of public access to the irrigation area. The type of crops irrigated 
also results in minimal public exposure. 
 
Other beneficial uses or waterway values were identified in the SEPP (WoV, 2003) and/or 
the RRHS besides the five waterway values listed above which were not included in the BN 
model and include the following: 
 
• Potable water use (after suitable treatment)  
• Aesthetic enjoyment 
• Commercial and recreational use of edible fish and crustaceans 
• Agricultural water supply for stock water 
• Other commercial purposes such as industrial water use 
 
The study site is not currently, nor is it ever likely to be used as a source of potable water 
supply and hence this use was not included in the BN. Whilst aesthetic recreational 
enjoyment was considered a beneficial use to be protected in the SEPP (WoV, 2003) and 
identified as a very high value in the RRHS, there is no contact with or ingestion of the water. 
Therefore it is not relevant in assessing human health risks from exposure to waterways 
contaminated with sewer overflows. 
 
In relation to commercial fishing in urban streams in Melbourne, the Department of Primary 
Industries (DPI) (Fisheries Victoria), advised that commercial fishing in inland waters is 
banned due to competition with recreational fishing (personal communication, John 
Vaytauer, DPI). An amendment to the Fisheries Act and Fisheries regulations (1998) in 2003 
revoked inland fishing licences. This does not include eels, which are commercially fished in 
inland waters but not in metropolitan Melbourne. Therefore, commercial fishing has not been 
included as one of the protected waterway use nodes in the BN. 
 
In the present study, safe levels of faecal indicators (defined by water quality objectives) 
have been used in conjunction with the likelihood of exposure to determine the risk 
categories for each waterway value (refer to Section 8.3.5). Use of the waterway for 
commercial purposes can cover a wide array of practices with the potential exposure to 
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contaminated water varying considerably. Because the exposures vary depending on the 
particular type of commercial use, the Australian Guidelines for Water Recycling (NRMMC et 
al., 2006) do not provide water quality objectives for faecal indicators. Furthermore, the 
Victorian Environment Protection Authority (EPA) Guidelines for Use of Reclaimed Water 
(EPA Victoria, 2003) also advise that water quality specifications are highly variable for 
industrial use depending upon the specific application. Therefore, as recommended in the 
Australian Guidelines for Water Recycling, commercial or industrial use are better considered 
on a case-by-case basis, rather than as a generic group. Therefore commercial or industrial 
water use has not been included in the BN.  
 
For agricultural use, due to a much greater level of scientific information on human health 
impacts, irrigation practices other than stock water were included in the BN. For example, in 
the Australian Guidelines for Water Recycling, as there are no suitable dose-response 
models available for determining infection risk in animals, water quality objectives and 
controls are based on historical practices employed by the livestock industry, rather than the 
quantitative risk assessments used for other forms of agriculture. The WHO Guidelines for 
the Safe Use of Wastewater, Excreta and Greywater- Wastewater Use in Agriculture (WHO, 
2006a), which provide extensive scientific reviews and evaluations of the latest studies for 
agricultural use and were used to help determine risk categories (see Section 8.3.5 ) do not 
provide water quality objectives for stock use. 
 
8.2.2 Identifying the threats to waterway values 
 
The variables which represent the threats to the waterway values shown in Figure 8.2 (refer 
to green nodes) are as follows: 
 
• Wet weather overflow 
• Raw sewage concentration 
• In-stream E.coli  
• In-stream enterococci 
• Waterway use (for each of the five waterway values) including PR, SR, MS, HFCs, and 
NFCs 
 
In order to identify the threats to the waterway values presented in Section 8.2.1 and the 
relationships between the variables for inclusion in the BN model in Figure 8.2, principles of 
risk analysis, including health effect assessment techniques such as quantitative microbial 
risk assessment (QMRA) were drawn upon. Variables were identified on the premise that for 
there to be a health risk, there first needs to be a wet weather sewer overflow (the first node), 
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followed by a certain level of pathogens in the waterway as a result of the overflow which is 
represented by in-stream E.coli and enterococci nodes. Finally, a person needs to be 
exposed to the pathogens, which is represented by the waterway use node. A more detailed 
discussion of the basis for which each of the variables representing the threats to waterway 
values were chosen and the relationships between nodes were identified is provided below. 
 
In the BN model in Figure 8.2 the wet weather sewer overflow which is the focus of the study 
is the first in a series of events that need to occur for there to be a risk to the waterway 
values. The wet weather overflow node does not represent the source of risk or potential 
harm, which in risk analysis is typically referred to as a hazard, but can be seen as one in a 
series of incidents which creates the possibility of harm (Cohrssen and Covello, 1989). For 
instance, in this case the wet weather overflow leads to the release of raw sewage containing 
pathogenic organisms, which are the source of potential harm or hazard, into the waterway 
where waterway users may be exposed to the pathogens. In real life, the wet weather 
overflow is dependent on many factors, including rainfall and the hydraulic capacity of the 
sewer. The causes of wet weather sewer overflow have already been analysed in some 
detail in Chapter 5 and, as shown in the coming sections, inform the sates (or values that a 
variable can take) and probabilities that are assigned to the wet weather overflow node and 
other variables in the BN. Therefore, it was not necessary to include these factors which 
contribute to sewer overflow in the BN model.  
 
Rather than a measure of the hazards or pathogens themselves, faecal indicators (FIs) 
including E.coli and enterococci are used in the BN model in Figure 8.2. Through 
epidemiological and quantitative microbial risk assessment methods (QMRA), quantitative 
relationships have been established between faecal indicator levels and human health risks 
for certain uses (e.g. Kay et al., 1994). On this basis, guideline values for microbial water 
quality are set at levels at which no adverse health effects are expected or which satisfy 
some other tolerable risk level. Therefore, in using the relevant microbial water quality 
guidelines the concentration of E.coli and enterococci can assist in determining whether 
adverse health effects will occur from the hazards or pathogens present in the waterway as a 
result of sewer overflow (see Chapter 3 for further discussion on these two FIs). The in-
stream rather than sewer overflow concentration of these two FIs is most important, as it is in 
the receiving stream that the waterway values will be impacted. One of the main reasons that 
FIs are incorporated in the BN rather than pathogens is that pathogens are not routinely 
measured in receiving waterways. Therefore, the use of FIs makes the model more 
accessible for water retail companies and other responsible authorities. 
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As already mentioned, in order for the hazard, or in this example for both E.coli and 
enterococci to be present in the waterway, the event (in this case the wet weather sewer 
overflow) must first occur. Hence, an arc or arrow from the wet weather overflow node to the 
in-stream E.coli and enterococci nodes in the BN model in Figure 8.2 denotes the cause-
effect relationship between these nodes. An arc from the in-stream FI nodes to each of the 
five waterway values (shown in purple) is also shown in the BN, representing the influence of 
the FI nodes on the risk to each of these values. An arc from the in-stream enterococci node 
rather than the E.coli node to PR is incorporated in the BN. The reason is that the microbial 
water quality guidelines for PR (NHMRC, 2008) refer to enterococci rather than E.coli 
(discussed further in Section 8.3.5). 
 
To predict the in-stream E.coli and enterococci concentrations as presented in Chapter 6, the 
raw sewage or dry weather sewer flow concentration was diluted at various stages in the 
sewer and receiving waterway. In the BN model in Figure 8.2, the raw sewage node 
represents the variation in the raw sewage concentration. This is important as it will 
ultimately affect the predicted in-stream E.coli and eneterococci concentrations. Hence, the 
raw sewage concentration is a critical element in influencing the in-stream concentrations 
and is therefore included as a parent variable to both the FI nodes in the BN (refer to Figure 
8.2). 
 
Environmental exposure assessment is an important component of microbiological risk 
assessment (Bartram et al., 2001). Without this exposure, whilst a hazard (pathogens in 
receiving waterway) may still exist, there will be no risk to human health. Cohrssen and 
Covello (1989: p 6) have described exposure as distinguishing a hazard (source of risk) from 
risk and uses the example that a ‘toxic chemical that is a hazard to human health does not 
constitute a risk unless humans are exposed to it ’. As already mentioned, to determine risks 
to waterway values, the BN relies upon microbial water quality guideline objectives derived 
from studies in which relationships between FI (E.coli and enterococci) concentrations and 
adverse health effects have been established. The level of exposure used in these studies to 
derive microbial guideline values for FIs will automatically denote the level of exposure in this 
study. For example, the “exposure” in the key studies used to derive the enterococci 
guideline values for PR was a minimum of 10 minutes of swimming involving three head 
immersions (Kay et al., 1994). 
 
The water quality guidelines for FIs work on the assumption that the waterway is used for the 
purpose intended and therefore “exposure” to contaminants automatically occurs. This is not 
necessarily the case for sewer overflow events, which often discharge into degraded urban 
waterways which may not be heavily used. Therefore, five separate nodes denoting 
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waterway use for each of the five waterway values have been included in the BN in Figure 
8.2 and represent the probability that the waterway will be used for each waterway value. 
There is currently no practice in place to restrict the use of waterways following wet weather 
sewer overflow at the study site, which is typical for these events. Therefore, it is assumed 
that waterway use is independent of wet weather sewer overflow and it has no parent nodes 
in the BN. An arc from each waterway use node to its respective waterway value is shown in 
the BN, indicating the influence the likelihood of use of the waterway has on the risk to each 
waterway value. 
 
As wet weather sewer overflow events typically occur sporadically, whilst the waterway may 
be used for a particular waterway value, this does not necessarily mean that human contact 
with contaminated waters will occur. Therefore, the frequency of wet weather sewer overflow 
is also critical in establishing contact with contaminated waters. Hence a direct arc from the 
wet weather overflow node to the five waterway value nodes (shown in purple) is included in 
the BN in Figure 8.2, representing the influence of the wet weather sewer overflow frequency 
on the risk to these values. 
 
8.3 Assigning States and Prior Probabilities to Model Variables 
 
To this point the model is merely a conceptual framework and each variable needs to be 
assigned states and probabilities. States represent the values a node can take and must be 
mutually exclusive. In other words, they can take on only one of these values at a time (Korb 
and Nicholson, 2004). States should also be exhaustive, representing all conceivable states 
that the variable could take in the real world (Hart and Pollino, 2009; Korb and Nicholson, 
2004). States may be continuous or discrete. Common types of discrete nodes include 
Boolean nodes (e.g. having two states of true and false), ordered values (e.g. states of low, 
medium, high) and integral values. A continuous variable is one that can take on any value or 
a value between any other two values (Gordon et al., 2004). Continuous variables are 
typically discretised by dividing their ranges into sub-ranges with discrete values (Hart and 
Pollino, 2009). For each state a probability that the node will take that particular state is 
assigned. The method for assigning states and probabilities for each node in the BN model in 
Figure 8.2 is discussed in detail below. 
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8.3.1 Wet weather sewer overflow node 
 
Assigning states to the wet weather sewer overflow node 
 
Three different storm frequencies are investigated in the study, including events with average 
recurrences intervals (ARI) of 1, 5 and 10 years. These represent the three states of the wet 
weather sewer overflow node. These states suggest that wet weather sewer overflow can 
occur as a result of storms with ARIs of 1, 5 or 10 years. The SEPP (WoV, 2003) requires 
sewerage systems to contain sewer flows associated with rain events with an ARI of 5 years. 
Therefore, as discussed in Chapter 5, investigations of wet weather sewer overflow events, 
which occur in storms with ARIs above (10 years) and below this benchmark (1 and 5 years), 
were undertaken at the study site. This is by no means an exhaustive list of potential rain 
events and associated ARIs which may lead to sewer overflow. However, these three states 
for the wet weather overflow node provide a good representation of what is considered 
compliant (above the SEPP (WoV, 2003) benchmark) and non-compliant (below the SEPP 
(WoV, 2003) benchmark) overflows, and therefore represent a complete picture for the 
purposes of this study. Findings from this research relate only to storm events with ARIs of 1, 
5 and 10 years. 
 
Assigning probabilities to the wet weather sewer overflow node states 
 
In Section 3.2.2 of Chapter 3, on the basis of collated sewer overflow data from the three 
ERSs in the Five Mile Creek (FMC) sewerage catchment, it was clear that overflows may 
occur in rain events with an ARI as low as 1 year. It is clear therefore that any storm event 
with an ARI of 1 year or greater will cause the sewer in the FMC catchment to overflow. 
Hence, the probability of the sewer overflowing as a result of a storm with an ARI of 1, 5 and 
10 years, was considered equivalent to the probability of the respective storm occurring.   
 
The Australian Bureau of Meteorology (BOM, 2010) defines the ARI as "The average, or 
expected, value of the periods between exceedances of a given rainfall total accumulated 
over a given duration." For example, an event with an ARI of 10 years does not mean that 
the event will occur only once every 10 years. Rather, for each and every year, there is a 1 in 
10 chance that the event (of a given rainfall total accumulated over a given duration) will be 
equalled or exceeded (this may be once or more) (BOM, 2010). 
 
The probability of a particular rainfall amount for a specified duration being equalled or 
exceeded can be expressed as a percentage by taking the inverse of the ARI as shown in 
Equation 8.1 (Viessman and Lewis, 2003). 
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P= 1 ARI  ×100 Equation 8.1 
 
where P is the probability (%) of a 1:T year storm occurring in a particular year and ARI is an 
average recurrence interval of an event. 
 
The risk of a particular structure failing is often determined over a period of time which has 
some significance such as the estimated life expectancy of the structure, for example 50 
years. In terms of assessing the risk to human health from sewers overflowing into 
waterways, longer term risk was not calculated. Rather a time span of one year was 
considered more appropriate which is commonly referred to as the annual exceedance 
probability (AEP). The Australian Bureau of Meteorology (BOM, 2010) defines the AEP as 
the "The probability that a given rainfall total accumulated over a given duration will be 
exceeded in any one year." A study by Novotny and Witte (1997) incorporated the probability 
of wet weather flow (WWF) in assessing the ecological risks from stormwater discharge and 
used a one year time span expressed as the annual probability of WWF. 
 
As already mentioned the probability of the rain event occurring as determined from Equation 
8.1 is equal to the probability of the wet weather sewer overflow for the respective storm. 
Therefore, Table 8.1 shows the three ARIs which represent the three states for the wet 
weather overflow node and the corresponding AEPs calculated based on Equation 8.1.  
 
AEPs in column two of Table 8.1 were assigned to each of the wet weather overflow node 
states (storms with ARIs of 1, 5 and 10 years), in the Bayesian network in Figure 8.1.  
 
Table 8.1 AEP assigned to each of the wet weather sewer overflow node states  
Wet weather sewer overflow states (storm ARI) AEP (%) 
One year 100 
Five year 20 
Ten year 10 
 
The probabilities in Table 8.2 must sum to one or 100% as the states represent the entire 
range of possibilities for this node. In order to achieve this, they are normalised in the BN by 
dividing the probability for each node state or ARI by the sum of the probability for the three 
node states or ARIs, so that the probabilities of all three states add up to 100%. Table 8.2 
shows the normalised probabilities corresponding to each of the three node sates for the wet 
weather overflow node which were incorporated into the BN model. The probabilities in Table 
8.2 represent marginal probabilities as the wet weather overflow node has no parent nodes 
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in the BN and hence the the probability of each of its states is not conditional upon another 
variable.  
 
Table 8.2 Normalised percent probabilities incorporated into the BN model for each of the 
wet weather overflow node states 
Wet weather sewer overflow states 
(storm ARI) 
Normalised probability incorporated into BN for each 
state (%) 
One year 76.9 
Five year 15.4 
Ten year 7.69 
 
8.3.2 Raw sewage concentration node 
 
Assigning states to the raw sewage concentration node 
 
The raw sewage concentration node represents the raw sewage or dry weather sewer flow 
(DWF) concentration, which is used in the simulation model (discussed further in Section 
8.3.3) to predict in-stream MPC E.coli and enterococci concentrations arising from wet 
weather sewer overflow. To estimate the level of contaminants in the MPC, in Chapter 6 the 
worst-case raw sewage concentration was used, which was represented by the 95th 
percentile (PCL) of the raw sewage concentration data. For the Bayesian network however, 
best and worst-case raw sewage concentrations were adopted to predict in-stream MPC 
E.coli and enterococci concentrations and these are the two states assigned for this node. 
The best and worst-case concentrations are represented by the 5th and 95thPCL of the raw 
sewage concentration data respectively. This is an interval arithmetic approach (Burgman, 
2005) which gives more information than would result from a point estimate of raw sewage 
concentration, due to its consideration of numerical uncertainty. For instance, the best and 
worst-case raw sewage concentrations provide an upper and lower bound and hence the 
concentration can fall anywhere between these two points. Consequently, the MPC 
concentrations of E.coli and enterococci predicted using the best and worst-case raw 
sewage concentration will also take an upper and lower value or expected range.   
 
Chapter 4 (Table 4.5) showed that FIs, E.coli and enterococci were higher at a time of high 
DWF than at low DWF by one order of magnitude. Furthermore, the time of DWF was one of 
the key hydraulic variables identified in Chapter 5 that impact on in-stream MPC 
concentrations resulting from sewer overflow. Therefore, due to the variation in raw sewage 
concentration and the in-stream dilution between the low and high DWF period discussed in 
Section 8.3.3, the MPC FI concentrations resulting from sewer overflow are predicted when 
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the overflow commences when the DWF is at its lowest and highest. Table 8.3 shows the 
best (5th PCL) and worst-case (95th PCL) raw sewage concentrations at a time of high and 
low dry weather sewer flow (DWF) used to predict MPC FI concentrations arising from sewer 
overflow. Table 8.3 shows that raw sewage concentrations at low and high DWF (within the 
same best or worst-case state) may vary by up to an order of a magnitude. Likewise, best 
and worst-case concentrations for the same DWF period (high or low) also vary by an order 
of magnitude for enterococci at a time of high DWF. In Section 8.3 3 there is a substantial 
variation in predicted MPC E.coli and enterococci concentrations, which, in addition to other 
variables such as the hydraulic and hydrologic conditions (discussed in Chapter 5), is 
attributable to this initial variation in raw sewage concentrations. The two extremes of raw 
sewage concentration data that may occur in the course of the day, which include the 
combinations of 95th PCL of data at high DWF (as the highest) and 5th PCL of data at low 
DWF (as the lowest) are accounted for in Table 8.3. 
 
Table 8.3 Best-case and worst-case raw sewage concentrations of E.coli and enterococci at 
a time of low and high DWF 
 
 
Best case (5th PCL) Worst case (95th PCL) 
 
 
Low DWF High DWF Low DWF High DWF 
E.coli 
(orgs/100ml) 
3,800,000 10,400,000 8,500,000 20,000,000 
Enterococci 
(orgs/100ml) 
288,000 
 
916,000 
722,000 
 
9,200,000 
 
 
Assigning probabilities to the raw sewage concentration node states 
 
In the BN, this node would typically be described as a parent or root node as it does not have 
a parent variable. Hence, unlike child or leaf nodes, the probability of each of its states is not 
conditional upon another variable and therefore is described by a marginal probability 
distribution. A 50% probability has been assigned for the worst and best-case states, as they 
each have an equal chance of occurring.   
 
8.3.3 In-stream E.coli and enterococci nodes  
 
Assigning states to the in-stream E.coli and enterococci nodes 
 
As already mentioned, rather than the hazards or pathogens themselves, FIs including E.coli 
and enterococci were predicted in the waterway arising from sewer overflow. In-stream E.coli 
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and enterococci nodes are the only continuous variables in the BN as they can take on any 
value or concentration between a range of the lowest and highest conceivable FI 
concentrations. The continuous FI variables or nodes have been discretised by dividing their 
ranges into concentration sub-ranges, which make up the states for each of the two FI nodes 
and are shown in Table 8.4. States or concentration sub-ranges in Table 8.4 are based on 
the consequences scale presented in Section 8.3.5. Each concentration sub-range 
represents the severity of the health effects or consequences associated with that 
concentration range, which is explained further in Section 8.3.5. In Table 8.4 E.coli has 105 
orgs/100ml as the highest conceivable concentration as E.coli levels above this 
concentration were not predicted following sewer overflow. Furthermore, based on scientific 
evidence in the research literature, it was difficult to determine the severity of health effects 
associated with levels above 105 orgs/100ml. 
 
Table 8.4 States assigned for the in-stream E.coli and enterococci nodes 
States for in-stream enterococci 
(orgs/100ml) 
States for in-stream E.coli 
(orgs/100ml) 
<41 <1 
41 to 201 1 to 100 
201 to 500 100 to 1000 
>=500 1000 to 10,000 
 10,000 to 105 
 
Assigning probabilities to the in-stream E.coli and enterococci node states 
 
In the BN shown in Figure 8.2, the FI nodes are dependent on two parent nodes, including 
the wet weather overflow node and the raw sewage concentration node. The presence of FIs 
in the stream or MPC associated with wet weather overflow will not be present without the 
sewer overflow itself. Therefore the sewer overflow essentially causes the presence of FIs in 
the waterway. Similarly, the in-stream FI level in the BN is affected by the DWF or raw 
sewage concentration used in the simulation model to predict in-stream levels.  
 
The relationship of the FI node with its two parent nodes is quantified and expressed by 
specifying a conditional probability distribution for the FI nodes. In the BN model, this takes 
the form of a conditional probability table (CPT). In the CPT, for each possible combination of 
values or states of the parent nodes, a probability that the child node will take each of its 
states is specified. Tables 8.5 and 8.6 show the CPTs for E.coli and enterococci nodes 
respectively. An explanation of how these conditional probabilities were obtained, including a 
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discussion of the method used to predict in-stream E.coli and enterococci concentrations and 
the subsequent generation of probability distributions for these FI concentrations, is 
discussed in the next section. 
 
Table 8.5 Percent probability that the E.coli node will be in each of its states given the 
different combination of states of the parent variables; wet weather overflow and raw sewage 
concentration 
Wet weather 
sewer overflow 
Raw sewage 
concentration 
< 1 1 to 100 
100 to 
1000 
1000 to 
10000 
10000 to 
105 
One YR Worst Case 0 1.00E-03 2.1 54 43 
One YR Best Case 0 3.20E-02 9.3 69 22 
Five YR Worst Case 0 0.00E+00 0.3 51 49 
Five YR Best Case 0 3.00E-04 3.2 76 20 
Ten YR Worst Case 0 0.00E+00 0.1 56 44 
Ten YR Best Case 0 0.00E+00 1.9 84 14 
 
Table 8.6 Percent probability that the enterococci node will be in each of its states given the 
different combination of states of the parent variables; wet weather overflow and raw sewage 
concentration  
Wet weather  
sewer overflow 
Raw sewage 
concentration < 41 41 to 201 201 to 500 >= 500 
One YR Worst Case 1.1 4 6 90 
One YR Best Case 4.7 24 36 36 
Five YR Worst Case 0.3 2 4 94 
Five YR Best Case 0.5 25 41 33 
Ten YR Worst Case 0.2 1 3 96 
Ten YR Best Case 0.2 25 48 27 
 
Predicting in-stream E.coli and enterococci concentrations and deriving a conditional 
probability distribution of concentrations for these two nodes 
 
In Chapter 6 the simulations of concentrations in receiving waters as a result of sewer 
overflow were generated, based on a worst-case scenario for use in the risk screening 
phase. Unlike the worst-case analysis, which gave a conservative estimate for the purposes 
of screening, a probabilistic approach is adopted to simulate E.coli and enterococci levels for 
use in the BN. This approach is superior to determining a point estimate, as it accounts for 
uncertainty in the concentrations due to the variability inherent in wet weather sewer 
overflows and receiving waterways. For example, in Chapter 5 Table 5.15, based on a 
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variation of the key hydraulic and hydrologic variables such as storm ARI and duration and 
time and location of sewer flows, it was possible for the predicted MPC concentration to vary 
by up to an order of a magnitude.   
 
For each of the combinations of states for the wet weather sewer overflow and raw sewage 
concentration parent variables (shown in the first two columns of Tables 8.5 and 8.6), a 
probability distribution of FI concentration was generated. This includes a probability 
distribution generated for a worst (95th PCL) and best-case (5th PCL) raw sewage 
concentration for wet weather sewer overflow events occurring as a result of storms with a 1, 
5 and 10 year ARI. As already explained in Section 8.3.2, the raw sewage concentration is 
the initial concentration that is diluted in the receiving waterway to estimate in-stream FI 
concentrations.    
 
The probability distribution of the FI concentrations for each combination of the parent 
variable states in Tables 8.5 and 8.6 is generated from a range of predicted MPC 
concentrations based on a variation of the key hydraulic and hydrologic variables which were 
first presented in Chapter 5. The key variables include: 
 
• A range of storm durations including 30 minutes, 2, 6, 12, 24 and 48 hours.   
 
• Sewer overflows starting at a time of both high and low DWF. The impact that sewer 
overflow commencing at high and low DWF has on dilutions and the resultant predicted 
MPC concentrations were discussed fully in Chapter 5. In addition to varying dilutions, 
the differing raw sewage concentrations at a time of low and high DWF (as shown in 
Table 8.3) also contributed to a variation in predicted concentrations as a result of a 
variation in this key variable. 
 
A discussion of methods used to simulate in-stream MPC E.coli and enterococci 
concentrations based on a variation in key variables is provided in Appendix G. 
 
Tables 8.7 and 8.8 show the simulated concentrations for each combination of parent 
variable states (shown in the first two rows of Tables 8.5 and 8.6), based on a variation in 
storm duration and sewer overflow commencing at a time of high and low DWF.  
 
Tables 8.7 and 8.8 also show the maximum factor change in concentration from when the 
sewer overflow commences at a time of low DWF to when it commences at high DWF, which 
is for the 30 minute storms. Tables 8.7 and 8.8 show that the concentrations when the sewer 
overflow commences at a time of high DWF are higher than at a time of low DWF, mainly by 
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an order of magnitude but by up to two orders of magnitude for enterococci (143 times for the 
worst-case 1 year event). The factor change shown in Tables 8.7 and 8.8 is much higher 
than was shown in Chapter 5. The reason for this is that the predicted concentrations in 
Tables 8.7 and 8.8 include not only the variation in dilutions at high and low DWF (analysed 
in Chapter 5) but also the different raw sewage concentrations at these two times. For 
example, the maximum factor change in dilution factor (and hence MPC concentration) 
between a time of low and high DWF based on a variation of hydraulic and hydrologic 
conditions only was approximately 15 (refer to Table 5.15 in Chapter 5).  
 
Table 8.7 Simulated E.coli concentrations for each combination of parent variables states 
Time of 
DWF 
Storm 
duration 
(hours) 
Worst-case raw sewage E.coli 
concentration (95th PCL) 
(orgs/100ml) 
Best-case raw sewage E.coli 
concentration (5th PCL) 
(orgs/100ml) 
1 YR 
ARI 
5 YR 
ARI 
10 YR 
ARI 
1 YR 
ARI 
5 YR 
ARI 
10 YR 
ARI 
Low 
DWF 
0.5 1075 2282 1995 480 1020 892 
2 1592 2735 5299 712 1260 2565 
6 8259 10479 9395 4151 5265 4742 
12 10019 8629 7491 5069 4363 3790 
24 5929 6813 6428 3019 3474 3289 
48 5426 7525 7388 2731 3883 3822 
High 
DWF 
30 35938 38865 31647 18688 20210 16457 
2 30474 25577 21352 15846 13300 11103 
6 17634 18857 15309 9170 9806 7960 
12 14926 14158 10636 7761 7362 5531 
24 9853 9431 8555 5123 4904 4449 
48 11465 10064 8867 5962 5234 4611 
Max ∆DF Low-High 
=0.5 hour storm 
(factor change) 
33 17 16 39 20 18 
 
These results highlight the importance of considering a range of possible MPC 
concentrations due to not only varying hydraulic and hydrologic conditions but also raw 
sewage concentrations. A point estimate of raw sewage concentration is likely to miss 
249 
important information, such as a variation in predicted MPC enterococci concentrations, by 
up to two orders of magnitude.   
 
Table 8.8 Simulated enterococci concentrations for each combination of parent variables 
states 
Time of 
DWF 
Storm 
duration 
(hours) 
Worst-case raw sewage 
enterococci concentration (95th 
PCL) (orgs/100ml) 
Best-case raw sewage 
enterococci  concentration (5th 
PCL) (orgs/100ml) 
1 YR 
ARI 
5 YR 
ARI 
10 YR 
ARI 
1 YR 
ARI 
5 YR 
ARI 
10 YR 
ARI 
Low 
DWF 
0.5 116 246 215 36 77 68 
2 172 476 1517 54 94 186 
6 3105 3930 3627 294 373 335 
12 3930 3370 2938 357 308 267 
24 2419 2804 2698 212 244 230 
48 2061 3318 3302 193 271 266 
High 
DWF 
30 16532 17878 14558 1297 1403 1142 
2 14018 11766 9822 1100 923 771 
6 8112 8674 7042 637 681 553 
12 6866 6513 4892 539 511 384 
24 4532 4338 3935 356 340 309 
48 5274 4630 4079 414 363 320 
Max ∆DF Low-High 
=0.5 hour storm (factor 
change) 
143 73 68 36 18 17 
 
The concentrations in the Tables 8.7 and 8.8 represent random variables that can assume 
different values based on varying conditions and are defined by a probability distribution. 
Probability plots were used to determine the distribution of the data for each combination of 
parent values (refer to the first two columns of Tables 8.5 and 8.6). An example of a 
probability plot is shown below in Figure 8.3 and is based on a combination of parent variable 
states of 1 year for the wet weather sewer overflow node and best-case for the raw sewage 
concentration node. The conditional probabilities (shown in Tables 8.5 and 8.6) of in-stream 
E.coli and enterococci concentrations falling within the specified concentration sub-range, 
which represent the various states for each of the FI nodes (as summarised in Table 8.4), 
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were calculated from these plots. For example, in Figure 8.3 the probability that the 
concentration of E.coli in the MPC will fall between 104 and 105 orgs/100ml is equal to: 
 
99.79 - 77.948 = 21.842 % 
 
These probabilities were entered into the CPTs as shown in Tables 8.5 and 8.6. As 
mentioned previously, in the BN the probabilities must sum to one (or 100%) over all possible 
states of the FI variables, as they represent the entire range of possibilities for this node. In 
order to achieve this, they are normalised in the BN by dividing each individual probability by 
the total probability of the respective row in Tables 8.5 and 8.6, so that the probabilities for 
each row total add up to 1.0 or 100%. 
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Figure 8.3 Probability plot of simulated in-stream E.coli concentrations for the combination of 
parent variable states of 1 year, best-case (05th PCL) 
 
Probability plots for each combination of parent values (refer to the first two columns of 
Tables 8.5 and 8.6) were generated by Minitab (version 15). Minitab also calculates 95% 
confidence intervals for the probability plot, shown as the curved blue line on Figure 8.3. 
Probability plots showed that for E.coli data the distribution most closely resembles a log-
normal distribution (as shown in Figure 8.3), whereas enterococci data resemble a range of 
distributions, depending on the different parent states including log-normal, weibull and 
gamma. The distribution was determined by checking that the plotted points formed the 
straightest line, fell closest to the fitted distribution line and had the smallest Anderson 
Darling statistic and largest associated p value (greater than chosen α of 0.05). 
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8.3.4 Waterway use nodes (for the five waterway values) 
 
Assigning states to the waterway use nodes 
 
The five waterway use nodes in the BN in Figure 8.2 represent the likelihood of waterway 
use for each of the waterway values, and include waterway use for PR, SR, MS, HFCs and 
NFCs: 
 
For each of the five waterway use nodes listed above, the same five discrete states were 
used and are shown in Table 8.9. The states include words which are commonly used to 
approximate numerical probability and in this case refer to the probability of using the 
waterway for each of the different types of uses or waterway values.  
 
Table 8.9 States assigned for each of the five waterway use nodes 
Waterway use states 
Almost certain 
Likely 
Chances about even 
Unlikely 
Remote 
 
Due to the linguistic uncertainty of words used to express probability, attempts have been 
made to assign quantitative values to verbal expressions of likelihood, including in areas 
such as weather forecasting, medicine, finance and intelligence (Kent, 1964; Kesselman, 
2008). Kent (1964) was the first to attempt this in the area of intelligence and examples of 
using Kent scales in other areas can be seen in Burgman (2005). To provide a clearer 
indication of what the verbal expressions in Table 8.9 mean, using information provided in 
Kent (1964) and Kesselman (2008), they have been matched with numerical probabilities, 
thus providing a quantitative value for these expressions as shown in Table 8.10. It is 
possible to delineate further by adding such words as “very” and “highly” to the existing 
verbal expressions in Table 8.10. For instance, rather than solely “unlikely”, “very unlikely” 
and “highly unlikely” could be included. However, it has been shown to be very difficult to 
distinguish between terms such as “very unlikely” and “highly unlikely” and that it is better to 
limit the range to between five and seven categories (Burgman, 2005) 
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Table 8.10 Verbal expression of likelihood matched with quantitative probabilities 
Verbal Expression Percent Probability (%) 
Almost certain 91-99 
Likely 61-90 
Chances about even 41-60 
Unlikely 20-40 
Remote 1-19 
 
Assigning probabilities to the waterway use node states  
 
The likelihood of the waterway being used for any of the waterway values was based 
primarily on qualitative information from the RRHS (Melbourne Water and Port Phillip and 
Westernport CMA, 2006). As mentioned in Section 8.2.1, the RRHS (a strategy to protect 
river health) was developed in consultation with a wide range of stakeholders and community 
groups which identified features of the rivers in the Port Phillip and Westernport regions of 
Victoria which were considered to be of value. For each of these values or river assets a 
rating score from one to five was given, with five representing the highest value or level of 
importance. The rules determining the rating or level of importance of the river values/assets 
relevant to this study were based on the known likelihood of using the waterway for the 
particular value, or in other words, the more likely the river was to be used for that value (e.g. 
swimming) the higher the rating score would be. Therefore, the RRHS river asset rating was 
used to determine the likelihood of waterway use and for assigning probabilities to the states 
for the five waterway use nodes. Other information on river water use was also sourced, 
including Parks Victoria visitor surveys for recreational purposes and Melbourne Water’s 
diversion and fishing licences for agricultural and fishing uses. Generally, the additional 
information was very limited and nothing of significance could be added to the RRHS river 
asset ratings.   
 
Under the Water Act 1989, licences are required to take and use water from waterways and 
private farm dams. Water use is primarily for agricultural, industrial, commercial and 
domestic and stock purposes. Diversion licences in the Yarra Catchment are for the supply 
of water from unregulated systems, which include urban streams such as the MPC. 
Melbourne Water provided information on the number and type of diversion licenses for the 
MPC to determine the usage (personal communication, Phil Biasi, Melbourne Water 
diversion team). This included only three licenses, for watering parks and gardens and sports 
or recreation grounds. Two of these licenses were for tributaries of the MPC and as they flow 
into the creek these uses may not be directly affected by sewer overflows.  
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Parks Victoria provided river use data only for the Yarra, Maribyrnong and Paterson Rivers, 
where they conducted surveys about activities carried on visits to either of these rivers. The 
data included if people actually went on the water, remained on the banks or performed other 
activities. However, as this could provide no further insight into the use of the MPC, the 
RRHS was the best source of information.   
 
Based on the RRHS, the ratings for the study site at the lower MPC are as follows (where 5 
represents the highest level of importance and hence probability of using the waterway for 
each purpose):  
 
Water supply including for irrigation purposes- 1 (very low) 
Fishing (recreational)- 2 (low) 
Boating (non-motor and motor)- 1 (very low) 
Swimming -1 (very low) 
Stock access- 1 (very low) 
 
The probabilities assigned to the waterway use states in Table 8.9 for the five waterway use 
nodes in the BN are subjective probabilities, based on the information gathered from the 
RRHS and diversion licenses issued. Based on this information, for the MPC the probability 
of waterway use for most waterway values are remote or unlikely. However, some allowance 
has been made for uncertainty, assigning lower probabilities to the more certain outcomes; 
even chance, likely and almost certain.  
 
A summary of the subjective probabilities assigned to the states of the five waterway use 
nodes is shown in Table 8.11. As part of the evaluation process (which is discussed later in 
Section 8.5), the waterway use states and the subjective probabilities assigned to these 
states were reviewed by the expert panel. All probabilities are marginal as waterway use 
does not have any parent nodes in the BN and therefore are not conditional on any other 
variable. 
 
The likelihood of using the waterway in Table 8.11 was slightly higher for SR, MS, NFCs than 
for PR and HFCs, given the types of diversion license issued and the RRHS ratings.   
  
254 
Table 8.11 Percent probability of each of the five waterway use nodes being in each of the 
various states  
States 
Waterway Use Nodes Probabilities (%) 
Primary 
Recreation 
Secondary 
Recreation 
Irrigation. 
Municipal 
Spaces 
Irrigation 
Non-Food 
Crops 
Irrigation. 
Human Food 
Crops 
Almost certain 5 5 5 5 5 
Likely 10 10 10 10 10 
Chances 
about even 
15 15 15 15 15 
Unlikely 30 40 40 40 30 
Remote 40 30 30 30 40 
 
8.3.5 Waterway value nodes 
 
Assigning states to the waterway value nodes 
 
Determining the level of risk to the five waterway value nodes in the BN including PR, SR, 
MS, HFCs and NFCs is the primary aim of the BN model. The level of risk to these waterway 
values in the BN model does not denote a quantitative risk of infection or illness, as may 
typically be derived from other health assessment techniques such as epidemiology and 
QMRA. Rather, risk is expressed descriptively as a low, medium and high state for each 
waterway value and is indicative of the health risk to the public associated with using the 
MPC for these purposes (waterway values).  
 
Generally, the acceptability of low, medium and high risk states forms part of a risk 
evaluation process, in which the level of risk is compared against pre-determined risk criteria 
(including environmental, social, legal, financial and health) (Harding et al., 2009). The 
significance of the low, medium and high risk states may differ between water companies or 
other responsible authorities, as risk criteria typically depend on an individual organisation’s 
values, policies and objectives. Therefore, the risk evaluation process is best done at the 
level of the individual organisation and is beyond the scope of this study. In general however, 
as the risk level increases, the risk becomes more unacceptable and some form of risk 
reduction or other treatment is more likely to be required.   
 
Unlike the other variables or nodes in the BN model, the states which as mentioned include 
high, medium and low risk for each of the five waterway value nodes, are not assigned a 
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probability. Rather, they are deterministic and hence, depending on the states of the parent 
variables of each of the waterway values in Figure 8.2, a high, medium or low risk sate is 
assigned.   
 
High, medium or low risk states are assigned to the waterway value nodes using risk-ranking 
methods. This involves first an analysis of risk, including identifying the magnitude of 
consequences of an event should it occur and the likelihood of the event with the specified 
consequences (Burgman, 2005; SA/SNZ, 2004). The likelihood and consequences are then 
combined to give a non-probabilistic level of risk (Burgman, 2005). Both the likelihood and 
consequences and hence the level of risk assigned will change, based on the states of the 
parent variables.  
 
The event refers to a series of circumstances, including wet weather sewer overflow and the 
resulting contamination of the waterway with pathogenic organisms, and finally contact with 
the contaminated waters by waterway users. As mentioned, a combination of likelihood and 
consequences yields the level of risk. Therefore, in the BN model risk is essentially defined 
as a combination of the following factors: 
 
• The likelihood of waterway users coming into contact with a certain concentration of FIs 
(E.coli and enterococci) as a result of wet weather sewer overflow and  
 
• The severity of the health effects associated with that particular concentration of FIs 
should exposure or contact occur.  
 
As stated in Section 8.2.2 above, rather than a measure of pathogens themselves, faecal 
indicator concentrations (i.e. E.coli and enterococci) were estimated in the MPC. Therefore, 
as mentioned above the severity of health effects is determined by the concentration of FIs 
rather than pathogens. Various research reports and relevant water quality guidelines 
(NHMRC, 2008; NRMMC et al., 2006; WHO, 2003a, 2006a) provide an association between 
faecal indicator concentrations and illness or disease for specific types of waterway use. This 
information was used to determine the magnitude of consequences or health effects for the 
five waterway values, based on the level of faecal indicators in the receiving waterway. It 
should be noted that water quality guidelines typically consider only health outcomes relating 
to gastrointestinal illness (GI) and sometimes acute febrile respiratory illness (AFRI). Hence, 
other illnesses may not be represented in this study, as consequences or health effects 
relate only to those considered in the relevant water quality guidelines.   
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The methods used to determine both the likelihood of the event (where event is the series of 
incidents described above) and the severity of the consequence or health effects are 
described in the following sections, followed by the method used to combine the 
consequences and likelihood and thus assign the level of risk.  
 
Likelihood analysis  
 
Waterway users’ contact with a certain FI (i.e E.coli and enterococci) concentration arising 
from wet weather sewer overflow requires a series of events to occur. First, a sewer overflow 
event is required. Given that a sewer overflow has occurred, FIs at a certain concentration in 
the receiving waterway as a result of the overflow must be present. Finally, contact by 
waterway users with the contaminated waters is also needed.   
 
Therefore, the likelihood of waterway users coming into contact with a certain FI 
concentration arising from sewer overflow is derived from the joint probability of these three 
events occurring, as shown in Equation 8.2.   
 
PA,B,C=P(A)×P(B|A,D)×P(C) Equation 8.2 
 
where; 
A is the wet weather sewer overflow node, B is the FI (in-stream E.coli and enterococci) 
nodes, C is the waterway use node and D is the raw sewage concentration node 
P(A,B,C) is the joint probability of the three nodes, 
P(A) is the probability of wet weather sewer overflow, 
P(B|A,D) is the probability of the child FI node B, given information from its parent nodes; wet 
weather sewer overflow A and raw sewage concentration (D), and  
P(C) is the probability of waterway use. 
 
The probability of the concentration of faecal indicators in the BN is dependent on the wet 
weather sewer overflow occurring and the raw sewage concentration, and therefore in 
Equation 8.2 is expressed as a conditional probability. As mentioned in Section 8.2.2, there 
is currently no practice in place to restrict the use of waterways following wet weather sewer 
overflow at the study site. Therefore, it is assumed that waterway use is independent of wet 
weather sewer overflow. Similarly, wet weather sewer overflow is also an independent event. 
The various dependencies and independencies between the variables (expressed as A, B, C 
and D) in Equation 8.2 are shown in the BN structure in Figure 8.2 and have been discussed 
in Section 8.2.2. For independent events, to determine the probability of their joint 
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occurrence, the multiplication rule applies (Ang and Tang, 2007), which is the product of their 
individual probabilities, as shown in Equation 8.2. 
 
Whilst the raw sewage concentration influences the faecal indicator concentration, it does not 
directly influence the likelihood of users coming into contact with microbiological 
contaminants arising from sewer overflow. Therefore, it is not included in the joint probability 
Equation 8.2. The methods used to derive quantitative probabilities for each of these three 
events (A, B and C in Equation 8.2) have been discussed earlier in Sections  8.3.1, 8.3.3 and 
8.3.4 for the corresponding BN variables, and are used in the joint probability Equation 8.2.  
 
Table 8.12 summarises the likelihood scales used in the risk matrix discussed later in this 
section to derive the level of risk. The numerical probabilities that will be obtained from the 
joint probability Equation 8.2 are shown in Table 8.12, together with a corresponding verbal 
description. The distinction between the ranges or scales of probability was made based on 
information provided in Kent (1964) and Kesselman (2008), which as explained earlier in 
Section 8.3.4, have assigned quantitative values to verbal expressions which are divided into 
levels or scales of probability. The quantitative probabilities determined from the joint 
probability Equation 8.2 were matched with the appropriate verbal expression in Table 8.12 
to provide an example of a descriptive term that best describes the probability range.   
 
Table 8.12. Likelihood scales including verbal expression and matching quantitative 
probability to be used in risk matrix (adapted from Kent, 1964; Kesselman, 2008)  
Verbal Expression Percent Probability (%) 
Almost certain 91-99 
Likely 61-90 
Chances about even 41-60 
Unlikely 20-40 
Remote 1-19 
 
For each combination of the different states that the FI, wet weather sewer overflow and 
waterway use nodes in the BN can take, a joint probability of waterway users coming into 
contact with a certain FI (i.e E.coli and enterococci) concentration was determined using 
Equation 8.2. As an example, the probability of waterway users for PR purposes coming into 
contact with a certain level of FIs is determined for two combinations of the different states 
that each of the parent variables or nodes may take, shown in Table 8.13. For the 
enterococci node, the state or concentration in Table 8.13 may be either <41 or >500 
orgs/100ml. Furthermore, as shown in Table 8.13, the waterway use PR node can be remote 
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or almost certain and the wet weather overflow node can be in a state of a 10 or a 1 year 
ARI. In-stream enterococci is used in the scenario in Table 8.13 as it is the FI that has been 
used in the BN to determine the risk to PR which was mentioned in Section 8.2.2, and is 
discussed further in the consequence analysis section.   
 
In Table 8.13 the assignment of the various states for each node has already been presented 
in Sections 8.3.1 to 8.3.4. Similarly, the numerical probabilities of the variables being in each 
of their states were also presented in Sections.8.3.1 to 8.3.4. A summary of the probability 
for each of the states in Table 8.13 is provided in Table 8.14. In addition, Table 8.14 shows 
the joint probability (P(A,B,C)) of PR waterway users coming into contact with the respective 
FI concentration, determined for the two scenarios in Table 8.13 using Equation 8.2. Based 
on the joint probability obtained from Equation 8.2, the probability is slotted into the 
appropriate likelihood scale outlined in Table 8.12, to be combined with the consequence 
severity level (discussed under consequence analysis) in a risk matrix to determine the level 
of risk. The same process shown for this example in Table 8.13 was conducted for every 
possible combination of variable (FI, wet weather overflow and waterway use) states. 
 
Table 8.13 Two combinations of different variable states for each of the variables in Equation 
8.2 
 
Wet weather  
sewer overflow (A) 
Raw sewage 
concentration (D) 
Waterway use 
PR (C) 
In-stream 
Enterococci (B) 
Variable 
states 
Ten YR Worst case Remote < 41 
One YR Worst case Almost Certain >= 500 
 
Table 8.14 Calculation of the percent probability of PR waterway users coming into contact 
with a certain level of FI concentration given the two scenarios presented in Table 8.13  
P(C) 
(%) 
P (B|A,D) 
(%) 
P(A) 
(%) 
P(A,B,C) 
(%) 
Likelihood scale 
from Table 8.12 
0.163 7 10 0.00114 1-19% (Remote) 
89 93 100 83 61-90% (Likely) 
 
Consequence analysis 
 
Rather than simply assigning a high and low consequence based on FI (E.coli and 
enterococci) levels exceeding or not exceeding guideline values respectively, various levels 
of severity of health effects or consequences are represented by a range of different FI 
concentrations for each of the five waterway values. The WHO Guidelines for Safe 
Recreational Water Environments also use a banded system for enterococci concentration. 
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Each band division is equivalent to a risk of acquiring GI or AFRI which increases with 
increasing concentrations. Furthermore, a study of the risks associated with an effluent 
irrigation system (Derry et al., 2006), included in the criteria to determine the consequence 
severity, the amount by which biophysical monitoring exceeded guideline values. A detailed 
description of the theoretical basis for deriving the consequences scale for each waterway 
value is described in the following sections and in Appendices H and I. 
 
Determining the consequence severity scale for primary recreation waterway value 
 
The Australian and New Zealand Guidelines for Fresh and Marine Water Quality (2000) 
(ANZECC) (ANZECC and ARMCANZ, 2000a) provide numerical criteria for Ecoli and 
enterococci levels for waters used for PR. These are based on the Australian Guidelines for 
Recreational Use of Water (1990) (NHMRC, 1990). These guidelines have since been 
updated and replaced with Guidelines for Managing Risks in Recreational Water (NHMRC, 
2008). The latest recreational water guidelines (NHMRC, 2008) follow the approach adopted 
in the World Health Organisation Guidelines for Safe Recreational Water Environments 
(WHO, 2003a). 
 
To assist in deriving the microbiological criteria for the WHO Guidelines for Safe Recreational 
Water Environments, a comprehensive review of epidemiological studies on health effects 
from exposure to recreational waters was conducted (Pruss, 1998). The review intended to 
provide a scientific basis for deriving guideline values which was lacking in current standards 
around the world. Pruss (1998) found that of the twenty two epidemiological studies 
reviewed, most reported an increase in health risk in swimmers with an increase in 
concentration of faecal indicators. Furthermore, Pruss (1998) found that enterococci/faecal 
streptococci correlated best with health outcomes for marine and freshwater and E.coli 
correlated best with health outcomes for freshwater. Of the studies investigated, due to the 
probably higher accuracy of dose-response relationships as compared with other 
observational data, the randomized trials of Kay et al. (1994) were used to derive the 
microbiological criteria for the WHO Guidelines for Safe Recreational Water Environments. 
The WHO expert advisory committee developed a banded system for the WHO guidelines 
based on the dose response curve from Kay et al. (1994). Each band division is equivalent to 
the risk per exposure of acquiring GI or AFRI, which is equivalent to a certain range in 
concentration of intestinal enterococci. As enterococci levels increase, so too does the risk of 
illness.   
 
The banded guideline values for microbial water quality in the WHO Guidelines for Safe 
Recreational Water, which are also adopted in the Australian Guidelines for Managing Risks 
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in Recreational Water (2008), were used to derive the level of severity of health impacts or 
consequences associated with the PR waterway value. Table 8.15 outlines the consequence 
scale for PR, which is adapted from the WHO Guidelines for Safe Recreational Waters 
(WHO, 2003b). It has been reported that E.coli may be a better indicator of potential illness 
from PR in freshwater systems (Pruss, 1998; Wade et al., 2003). However, due to the current 
lack of epidemiological data to derive separate guidelines for freshwater, the WHO 
recommends enterococci also be used for freshwater systems (WHO, 2003a). Hence, since 
both WHO and Australian recreational guidelines are based on enterococci concentrations, 
in-stream enterococci rather than E.coli concentrations in the BN are used to determine the 
risks to PR.  
 
Table 8.15 Consequences scale for primary recreation (adapted from the WHO Guidelines 
for Safe Recreational Water Environments (WHO, 2003b)) 
95th percentile 
value of 
intestinal 
enterococci/ 
100ml (rounded 
value) 
Basis of derivation 
Estimated risk per 
exposure 
Consequence 
severity 
<40 
This range is below the NOAEL 
in most epidemiological studies 
GI illness risk <1% 
AFRI risk <0.3% 
Negligible 
41-200 
The 200/100ml value is above 
the threshold of illness 
transmission reported in most 
epidemiological studies that 
have attempted to define a 
NOAEL or LOAEL for GI illness 
and AFRI 
GI illness risk 1-5% 
AFRI risk 0.3-1.9% 
Minor 
201-500 
This range represents a 
substantial elevation in the 
probability of all adverse health 
outcomes for which dose-
response data are available 
GI illness risk 5-10% 
AFRI risk 1.9-3.9% 
Moderate 
>501 
Above this level, there may be a 
significant risk of high levels of 
minor illness transmission 
GI illness risk >10% 
AFRI risk >3.9% 
Major 
GI= gastrointestinal illness, AFRI=acute febrile respiratory illness, NOAEL= no observed adverse 
effect level, LOAEL=lowest observed adverse effect level  
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Further information is provided in Appendix H on the consequences scale for PR, including 
further verification of the scale in Table 8.15, based on a comparison of these consequence 
severity levels with the classification that the water body would receive using the methods 
outlined in the WHO and Australian recreational guidelines. Potential limitations and factors 
to consider in using the banded guideline values for microbial water quality in the WHO 
guidelines to derive the consequences scale are also summarised.  
 
Determining the consequence severity scale for secondary recreation and irrigation of 
municipal spaces, human food crops and non-food crops waterway values. 
 
In relation to the SR and waterway values relating to irrigation (MS, HFCs and NFCs), unlike 
PR, banded divisions of FI concentrations and a corresponding estimated risk of illness are 
not provided in the relevant water quality guidelines. Therefore, a subjective assessment was 
made to derive levels of severity using the decision process shown in Figure 8.4.    
 
Figure 8.4 Decision process for assigning consequence severity for SR and irrigation of MS, 
HFCs and NFCs waterway values.   
 
Initially, the FI concentrations were compared against relevant local Australian water quality 
objectives (refer to Table 8.16). Water quality objectives in the Australian and New Zealand 
Above WHO WQ 
objectives 
Evidence suggests a 
high probability of 
low health risk 
Negligible 
 
Minor 
 
Moderate 
 
Major 
 
Yes 
Yes 
Yes 
No 
No 
No Above Australian 
WQ objectives 
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Guidelines for Fresh and Marine Water Quality (2000) (ANZECC and ARMCANZ, 2000a) 
and the SEPP (WoV, 2003) were used in the decision process in Figure 8.4 to determine the 
consequence scale for SR. Water quality objectives in the Australian Guidelines for Water 
Recycling: Managing Health and Environmental Risks (NRMMC et al., 2006) were used in 
the decision process in Figure 8.4 to determine the consequence scale for MS, HFCs and 
NFCs. Unlike for PR, water quality objectives for SR and irrigation purposes relate to E.coli 
rather than enterococci levels. If the concentration of in-stream E.coli does not exceed the 
water quality objectives outlined in the relevant Australian guidelines, the consequence or 
health impact will be negligible. If the in-stream E.coli concentration exceeds the water 
quality objective, other scientific evidence in the research literature in which quantitative 
relationships have been established between FIs and illness for these particular waterway 
values was reviewed. The WHO Guidelines for the Safe Use of Wastewater, Excreta and 
Greywater (wastewater use in agriculture and excreta and wastewater use in aquaculture) 
(WHO, 2006a, 2006b) were found to have the most relevant and comprehensive information 
and were therefore referred to. A summary of WHO water quality objectives from these 
guidelines for the various waterway values or uses, which are less conservative than the 
comparable Australian objectives, is also provided in Table 8.16 below.  
 
A detailed discussion of the Australian and WHO guidelines used to derive consequences 
scales and the basis for the derivation of the water quality objectives in the guidelines is 
provided in Appendix I for each waterway value. 
 
Table 8.16. Summary of water quality objectives for E.coli in the relevant Australian and 
WHO Guidelines (ANZECC and ARMCANZ, 2000a; NRMMC et al., 2006; SEPP WoV, 2003; 
WHO, 2006a, 2006b) for each of the waterway values. 
Specific use or waterway 
value 
Australian WQ objective 
E.coli org/100ml 
WHO WQ objective  
E.coli org/100ml 
Secondary Recreation <1000 <1000 or <10,000  
Irrigation human food crops 
(unrestricted) 
<1 <1000 
Municipal spaces 
(unrestricted ) 
<1 
<1000* or 200* orgs/100ml 
for hotel lawns 
Non food crops (restricted 
public access) 
<10000 <105 
*Indicates that the water quality objective is derived from the WHO Guidelines, 1989 (WHO, 1989), as 
the WHO Guidelines, 2006, does not provide an objective for municipal spaces. The objective refers to 
faecal coliforms but in the present study E.coli is used. 
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If the in-stream E.coli concentrations did not exceed the WHO water quality objectives, the 
impact was considered minor, as despite an exceedance of Australian guidelines there was 
significant evidence to suggest that the health risk would be low. Where the in-stream E.coli 
concentration did exceed the water quality objectives in the WHO guidelines (usually by no 
more than a factor of 10), but there was evidence to suggest that the health risk would still be 
low at that level, a moderate consequence was assigned. In this instance, evidence 
suggesting a low health risk mostly related to the fact that the level of exposure used to 
derive the WHO guideline water quality objectives was much higher than would be expected 
from wet weather sewer overflow events. This is discussed in detail for each waterway value 
in Appendix I. Where the WHO guideline water quality objective was exceeded and there 
was no evidence to suggest that at this level (typically 102-103 above the objective) other 
elements such as exposure would reduce the health risk, a major consequence was 
assigned. A detailed description of the theoretical basis for deriving the consequences scale 
for each waterway value using the decision process in Figure 8.4 is described in Appendix I.  
 
A summary of the consequences scales for SR and waterway values relating to the types of 
irrigation is provided in Tables 8.17 and 8.18. A higher level of exposure is expected for 
irrigation of MS and HFCs than for SR and NFCs. This is reflected in the consequences 
severity scales for each of these values showing a higher severity for a lower level of in-
stream E.coli for MS and HFCs than for SR and NFCs. MS has a more conservative 
consequences scale than HFCs, which as discussed in detail in Appendix I is mostly due to 
the potential for die-off to occur between irrigation and consumption of food crops and the 
assumption that the vegetables will be washed before consumption.  
 
Table 8.17. Consequences severity scale for secondary recreation 
Severity level 
Secondary Recreation 
E.coli orgs/100ml 
Negligible <1000 
Minor 103-104 
Moderate 104-105 
Major - 
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Table 8.18. Consequences severity scale for waterway values relating to types of irrigation  
Severity level 
Irrigation human food 
crops (unrestricted) 
E.coli orgs/100ml 
Irrigation municipal 
spaces (unrestricted ) 
E.coli orgs/100ml 
Irrigation non-food 
crops (restricted) 
E.coli orgs/100ml 
Negligible <1 <1 <10000 
Minor <1000 <100 104-105 
Moderate 103-104 <1000 - 
Major 104-105 103-105 - 
 
Combining the likelihood and consequences to determining the level of risk to the 
waterway values for each combination of parent variable states 
 
As mentioned in the introduction of this section, the risk to waterway values is a combination 
of consequence and likelihood and therefore is essentially: 
 
• The likelihood of waterway users coming into contact with a certain concentration of FIs 
(E.coli and enterococci) as a result of wet weather sewer overflow and the severity of the 
health effects associated with that particular concentration of FIs, should contact occur.  
 
The risk matrix used to combine consequences and likelihood and thus derive the level of 
risk for PR is provided in Table 8.19. Table 8.19 shows that depending on the likelihood and 
the severity of consequences, a low, medium or high risk is assigned (denoted as L, M and H 
respectively). Appendix J shows the risk matrix tables for each of the five waterway values. 
As shown above in Tables 8.17 and 8.18 for SR and irrigation of NFCs, the highest 
consequence severity was moderate and minor respectively. Therefore, the risk matrix for 
these two waterway values shows that the level of risk will be much lower at higher 
concentrations of FIs than for the other waterway values.  
 
The relationship of the five waterway value nodes with parent variables is expressed by 
specifying the level of risk for each combination of the states the parent variable can take, by 
using a conditional probability table (CPT) in the BN. For each combination of the states of 
the parent variables, the likelihood and consequences are combined to produce a 
deterministic or non-probabilistic level of risk using the risk matrices in Appendix J.  
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Table 8.19 Risk matrix combining the likelihood and consequences for the primary recreation 
waterway value  
Likelihood 
Consequences 
(severity of health effects associated with each FI concentration) 
Negligible 
(<40 
orgs/100ml) 
Minor 
(41-200 
orgs/100ml) 
Moderate 
(201-500 
orgs/100ml) 
Major 
(>500 
orgs/100ml) 
Almost certain 
(86-99%) 
M H H H 
Likely 
(61-85%) 
M M H H 
Even chance 
(41-60%) 
L M H H 
Unlikely 
(20-40%) 
L L M H 
Remote 
(1-19%) 
L L L M 
 
An example of part of the CPT for PR is shown in Table 8.20, where the level of risk is 
assigned for two different combinations of parent variable states. For the first combination of 
states in Table 8.20, a low level of risk has been assigned. Table 8.15 showed that the 
consequence or severity of health effects for this concentration of enterococci (<41 
orgs/100ml) for PR is negligible. Furthermore, referring back to Table 8.14 in likelihood 
analysis, for this same scenario there is a remote probability that contact involving PR with 
this concentration of enterococci as a result of wet weather sewer overflow will occur. 
Therefore, combining a negligible consequence and remote likelihood in the risk matrix for 
PR in Table 8.19, results in a low risk. On the other hand, the second combination of states 
in Table 8.20 results in a likely probability of contact (refer to Table 8.14) and a major 
consequence (refer to Table 8.15), thus combining to produce a high level of risk to PR, as 
shown in the risk matrix (Table 8.19). As these two different combinations of parent variable 
states represent the worst and best-case scenarios, all other combinations produce risk 
outcomes for PR somewhere between these two levels.  
 
The same process of assigning risk levels was undertaken for all the remaining combinations 
of parent variable states for PR, and for every possible combination of parent variable states 
for the other four waterway values.  
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Table 8.20 Example of part of a CPT for the primary recreation waterway value assigning the 
level of risk based on two different combinations of parent variable states 
 
Wet weather  
sewer overflow 
Waterway use 
In-stream 
Enterococci 
Risk level or 
state for  
primary 
recreation 
Variable states 
Ten year Remote < 41 low 
One year Almost Certain >= 500 high 
 
8.4 Completed Bayesian Network 
 
When the states for each of the variables discussed in the sections above are inserted into 
the BN model in Figure 8.2 with the corresponding probabilities, the BN is complete. The 
fully-parameterised BN is shown in Figure 8.5. The probability of each variable being in their 
various states is shown as a percentage next to each of the variable states with a 
corresponding belief bar giving a visual indication of the probability.   
 
The completed BN model in Figure 8.5 represents the current conditions and thus probability 
distribution for each variable at the study site prior to any new information or evidence, and is 
therefore referred to as the prior BN. Prior probabilities in the BN can be updated through the 
application of Bayes’ Theorem (derived by the Reverend Thomas Bayes and first published 
posthumously in 1764) shown in Equation 8.3. When new evidence or information is entered 
in the network, the prior probabilities are updated and the BN calculates a posterior 
probability distribution by the application of Bayes’ Theorem. This is referred to as belief 
updating or probabilistic inference, and is one of the primary functions of the BN. This 
process is shown later in Section 8.6, where probabilistic inference is undertaken as part of 
the analysis of model risk outcomes for each of the five waterway values. 
 
P(h|e)=
Peh	P(h)
P(e)
 Equation 8.3 
 
where: 
P is probability, h is a hypothesis and e is evidence.   
 
Equation 8.3 determines the posterior probability P(h|e) or the probability of hypothesis (h) 
conditioned upon some evidence (e), which is equal to its likelihood P(e|h) times it prior 
probability prior to any evidence P(h), normalised by dividing by P(e) so that the probabilities 
sum to 1(Korb and Nicholson, 2004). 
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Figure 8.5 Parameterised prior Bayesian network  
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The BN in Figure 8.5 represents the final completed BN after evaluation of the model. The 
process of evaluation and some of the changes that were made are discussed in section 8.5. 
The risk outcomes from the BN in Figure 8.5 are discussed fully in Section 8.6.  
 
8.5 Evaluation of the Bayesian Network Model  
 
When the BN was constructed, evaluation of the model was undertaken as one of the critical 
elements in developing the BN. This included a structured review of the model by experts 
and sensitivity analysis.   
 
8.5.1 Expert Review 
 
The review was conducted by undertaking a model walk through, where the completed BN in 
Figure 8.5 was presented to experts for evaluation of all components of the model. This 
included the graph structure, the variables and their states and probabilities, as presented in 
Sections 8.2 and 8.3 and summarised in the fully-parameterised BN in Figure 8.5. 
Furthermore, a set of scenarios was used to test the behaviour of the whole BN, with 
particular focus on the prediction of risk outcomes for the different waterway values. The 
experts included representatives in the areas of environment, microbiology and hydraulic 
engineering from City West Water (CWW), the water retail company that commissioned the 
research, who could provide expert judgement in this field but had not been involved in the 
construction of the BN.   
 
A set of questions was developed for the review process which is provided in Table 8.21. For 
each component covered in the questionnaire, the experts provided a score between 1 and 
5, where 1 is very low and 5 is very high. Overall, the feedback was positive with scores 
between 4 and 5 for all questions except ease of handling which scored a 3. A summary of 
the comments is included in Table 8.21. 
 
All comments were considered and where required changes were made to the BN model 
(with the BN model in Figure 8.5 representing the final updated version after all changes). 
The main component that was changed in the BN was the inclusion of separate waterway 
use nodes for each waterway value. Originally, one waterway use node was incorporated as 
the parent node for all the values. Based on the feedback however, each waterway value 
was provided with a separate waterway use node in the BN, as they would not all have the 
same probability of being used. For instance, there might be evidence that the use of one 
waterway value (e.g. primary recreation) is remote, whilst for another (e.g. secondary 
recreation) waterway use is almost certain.  
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Table 8.21 Summary of responses from the CWW experts to the questionnaire used to 
evaluate the BN structure, variables and variable states and probabilities 
Question Score Comments 
How well do nodes and 
node states capture relevant 
information to assess risks 
from wet weather sewer 
spills? 
Environment:4 
Important to provide definition for 
the uses of the waterway. Unsure 
of what node titled “raw sewage” 
refers to 
Hydraulic: 4-5 
Make sure that the storm that 
generated the highest overflow 
volume is the one used here 
Microbiological: 4 
Make sure it is clear that 
microorganisms are indicator 
organisms rather than disease 
causing organisms. 
How well do you think the 
risk outcomes for various 
scenarios represent actual 
or expected risks? 
Environment:4 
What does the risk refer to, for 
example is it environmental 
health risk? This must be clearly 
explained 
Hydraulic: 4 Always a degree of subjectivity 
Microbiological: 5  
How well do you think the 
difference in risk outcomes 
for various scenarios 
represents the actual or 
expected differences in risk 
between scenarios? 
Environment:4  
Hydraulic: 5 Operates as expected 
Microbiological: 4 
Good, as long as the risk 
outcome refers to the “guideline”  
levels rather than illness 
Is risk sufficiently expressed 
using deterministic risk 
nodes or should some level 
of uncertainty be provided?  
Yes deterministic/No 
deterministic. 
Environment: Yes 
deterministic 
 
Hydraulic: Yes 
deterministic 
CWW usually use the 
deterministic approach in risk 
assessment, difficult to come up 
with level of uncertainty 
Microbiological: Yes 
deterministic 
Including uncertainty would just 
complicate things 
How easy is the model to 
use and understand? 
Environment:3 
A reference sheet or explanatory 
sheet designed to accompany BN 
would be helpful 
Hydraulic: 4 Depends who uses it 
Microbiological: 3 
Had trouble with Bayesian, but 
probability and consequence 
issues ok 
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8.5.2 Sensitivity analysis 
 
Following expert evaluation, sensitivity analysis was conducted to identify whether the five 
waterway value variables (SR, MS, PR, HFCs and NFCs) are sensitive or insensitive to all 
other variables in the BN shown in Figure 8.5. The nodes in the prior BN in Figure 8.5 are 
ranked based on their importance in terms of their influence on the level of risk to the five 
waterway values. This enables identification of any errors in the network structure and also 
provides guidance on where data collection should be focused.   
 
Figure 8.6 displays outputs of sensitivity analysis for the various waterway values using 
entropy measures. In Korb and Nicholson (2004: p 265) entropy is described as ‘ :a 
common measure of how much uncertainty is represented in a probability mass’ and can be 
determined via the following equation. 
 
HX=- ∑ Px log P(x)x∈X  Equation 8.4 
 
Where: H is entropy, X is the variable for which entropy is measured and P(x) is the 
probability distribution which characterizes X.  
 
The sensitivity analysis results in Figure 8.6 show the extent to which a finding (or new 
evidence or information) at the various nodes (referred to as evidence nodes) on the x-axis 
will likely change the beliefs (in this case level of risk) at the waterway value nodes (referred 
to as the query node). Those variables that are most influential on risk outcomes at the 
waterway value nodes have the largest entropy reduction value. Figure 8.6 also shows the 
sensitivity of the query node (waterway value) to a finding at the query node itself. This node 
is added in the graph to see what the maximum of each sensitivity value is, or in other words 
what the full entropy is for a particular waterway value. Hence, the query node is always 
ranked first with the highest entropy reduction in Figure 8.6 for each of the waterway values.  
 
Overall, the dependencies shown in the BN structure as shown by the results of the 
sensitivity analysis in Figure 8.6 indicate that the network behaves as it should, for the 
following reasons: 
 
• Figure 8.6 shows that the variables having the most influence on risk outcomes at the five 
query nodes (or waterway values) are those that have direct arcs to these query nodes. 
These are the parent nodes of the query nodes and hence it is expected that these will 
have the largest influence on the query nodes which have a direct dependency on these 
parent nodes. The exception to this is NFCs, where the in-stream E.coli node (ECOLI) is 
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the fourth most influential evidence node behind the MS node (not including the NFCs 
query node itself). Furthermore, the raw sewage concentration node (SEWC) is more 
influential on risk outcomes for the PR node than the wet weather overflow node 
(WWOVF).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.6 Sensitivity (calculated as entropy reduction) of the five waterway values (query 
nodes) to findings at variables (evidence nodes) in the BN  
 
• The SEWC node has an influence on the waterway values based on its relationship with 
the FI (E.coli and enterococci ) nodes. This is a typical dependence relationship in the 
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PR= Primary recreation 
SR= Secondary recreation 
MS=Municipal spaces 
HFC=Human food crops 
NFC= Non food crops 
WWOVF= wet weather sewer overflow 
ECOLI= In-stream Ecoli 
ENT=In-stream enterococci 
SEWC=raw sewage concentration 
USE**= Waterway use followed by the 
initials of the type of waterway value 
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BN, referred to as a causal chain. For example, in Figure 8.7, variable A causes variable 
B which causes variable C. Therefore, a change in the probability distribution of A will 
change B, which will change C. In this instance, A is the SEWC node, B is the FI node 
and C is the waterway value node. The greater the influence the FI node has on risk 
outcomes at the waterway value, the larger the influence of the SEWC node. For 
example, findings at the enterococci (ENT) node are the most influential of all the 
evidence nodes (excluding the PR query node itself) on the risk outcomes for PR, and 
the SEWC node is the third most influential of the evidence nodes, even more so than 
WWOVF. At the other extreme, the ECOLI node is ranked fourth most influential of the 
evidence nodes on risk outcomes for NFCs, with an entropy reduction two orders of 
magnitude lower than the most influential evidence node- waterway use NFCs. 
Subsequently, the SEWC is the ninth most influential evidence node, with an entropy 
reduction four orders of magnitude lower than the most influential node (waterway use 
NFCs) presenting an almost imperceptible influence on the risk outcomes for NFCs. 
 
 
Figure 8.7 A graphical depiction of a typical dependence relationship in the BN, termed a 
causal chain 
 
• Despite the fact that E.coli is not used in the BN as a FI to assess risk to the PR value (as 
discussed in Section 8.3.5), findings at the ECOLI node will influence the risk outcomes 
at the PR node indirectly through the ECOLI and PR nodes common causes. This is an 
important feature of the BN structure. For example, in Figure 8.8 the ECOLI node (A) and 
PR node (C) have a common cause, WWOVF (B). In other words, a change in the ECOLI 
node will change the probability of WWOVF (and although not included in the example 
the SEWC node), which in turn will change the probability distribution for PR. Therefore, 
as long as the state or value of B or WWOVF is not known with certainty, the PR and 
ECOLI nodes can influence each other through their influence on the probability 
distribution of WWOVF. In addition, the ECOLI node will also influence the PR node 
through the ENT node because the ECOLI and ENT node also have common causes, 
which are the WWOVF and SEWC nodes. Hence, a change in the ENT node probability 
distribution (which is a parent node of PR) will also occur if there is a change in the 
WWOVF or SEWC node brought about by a change in the ECOLI node. The same is true 
of the ENT node influencing the risk outcomes at the other waterway values through their 
common causes. Therefore, it is not unexpected in Figure 8.6 to see that for some of the 
A B C 
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waterway values there is a small influence on risk outcomes from the FI node, which is 
not a direct parent variable for that waterway value node.   
 
 
Figure 8.8 A graphical depiction of a typical dependence relationship in the BN, termed a 
common cause 
 
• The five waterway values also have common causes with each other, which include the 
parent nodes WWOVF and ECOLI (except for MS) as shown in Figure 8.5 in Section 8.4. 
Therefore, it is expected that changes in findings for some of these waterway value 
nodes will also have a small influence on beliefs at the other waterway value nodes. As 
mentioned earlier for NFCs, the MS node actually has a greater influence on risk 
outcomes than the parent node; ECOLI. The ECOLI node is ranked fourth of the 
evidence nodes behind the MS node. However, the difference in influence is slight as the 
MS and ECOLI node have almost identical entropy reduction values of 0.0033 and 
0.0025 respectively. It is not expected that the ECOLI node will have as large an 
influence on risk outcomes for the NFCs waterway value as on the other waterway 
values, for reasons which are discussed in the next section under scenario analysis.   
 
• The findings at the waterway use nodes (USEPR, USESR, USEMS, USEHFCs and 
USENFCs) do not have any influence on the beliefs at the other waterway value nodes to 
which they are not a direct parent node, as shown by zero entropy in Figure 8.6. This is 
as it should be, as the waterway use nodes for other waterway values are completely 
independent in the real-world situation and thus in the BN, which is shown by the 
absence of direct arrows from one to the other. Furthermore, they have no common 
causes and are not part of the same casual chain in the BN (refer to BN structure Section 
8.4 Figure 8.5). 
 
• Figure 8.6 shows that for NFCs the full entropy of 0.2 is much lower than for the other 
waterway value nodes, which range from 0.7 to 1.4. Therefore, the overall influence of 
the findings at the various nodes on risk outcomes for NFCs will be less than for other 
waterway values. This is expected, because if we refer to the risk matrix tables in Section 
8.3.5, there is less distinction between risk levels for NFCs than for other waterway 
C A 
B 
274 
values. This is essentially due to a much greater level of E.coli needed to result in 
adverse health effects.   
 
For each waterway value in Figure 8.6 the relative ordering of the nodes from most to least 
influential is different. For all but PR, however, the respective waterway use node has the 
highest entropy reduction and therefore influence of all the nodes. For PR, the ENT node has 
the highest entropy reduction and therefore of all the nodes findings at the ENT node have 
the greatest influence on the risk outcomes for PR. Some of the reasons for the node 
ordering are explained in Section 8.6. 
 
In Figure 8.6, all parent variables were shown to influence risk outcomes at most waterway 
value nodes. Therefore, further data collection relative to these variables would reduce 
uncertainty in risk outcomes. This includes the frequency of wet weather overflow, the 
likelihood of waterway use, and the concentration of E.coli and enterococi in the MPC as a 
result of wet weather sewer overflow. In particular, it is important that the data collected on 
the waterway use nodes (USEPR, USESR, USEMS, USEHFCs and USENFCs), which had 
the largest influence on risk outcomes for most of the waterway values, are accurate and the 
allocation of resources to further data collection for this node would be beneficial. For PR, the 
ENT node is particularly important in terms of risk outcomes. Therefore, like waterway use, 
ensuring the in-stream enterococci concentrations are accurate will enable more confidence 
in risk outcomes for PR. For example, the water industry could focus its efforts on collecting 
measured data in the waterway following wet weather sewer overflow, rather than relying 
solely on predicted levels, which have been used in the present research. As has been 
shown in this research, this can be very difficult, particularly if data are required from a range 
of storms and data collection may need to be carried out over a long time period. Section 
8.3.4 showed that the probabilities of using the waterway for the various purposes or 
waterway values were based on subjective assessment from data collected mainly from a 
wider survey of the uses of the MPC. Surveys of the waterway use in the area of the study 
site could be conducted, rather than relying on more generic information.   
 
8.6 Bayesian Network Model Outcomes 
 
Following evaluation of the model, an analysis of risk outcomes from the BN model was 
undertaken. This section presents and analyses the prior probability distribution of the risk 
outcomes for the five waterway values (shown in purple) in the BN in Figure 8.5 of Section 
8.4. The prior probability distribution for each waterway value represents the belief of the risk 
outcomes for these waterway values prior to any new evidence, and is hence based on the 
current knowledge of the study site.  
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In the BN the prior probability of risk to each of the five waterway values represents a joint 
probability distribution between parent variables. As mentioned in Section 8.3.5, depending 
on the combination of parent variables states a low, medium or high risk state is assigned to 
the waterway value. The conditional probability of the risk level assigned for a particular 
combination of parent variable states is equivalent to the joint probability of those same 
parent variable states. The sum of the conditional probabilities of low, medium and high risk 
for each combination of parent variable states provides a final single probability for the low, 
medium and high risk states for each waterway value. In this instance, the parent variables 
are those that have a direct arc in the BN to the waterway value nodes, which include the wet 
weather overflow node, the FI nodes and the waterway use nodes  
 
Risk outcomes following probabilistic inference or belief updating are also presented in this 
section (referred to as scenario analysis), whereby the posterior distribution for the waterway 
values is computed based on new evidence being entered for various nodes in the BN (this 
process was introduced in Section 8.4).  
 
8.6.1 Prior risk outcomes for the waterway values  
 
Figure 8.9 shows the level of risk (low, medium and high) (with no evidence entered) posed 
to each of the five waterway values associated with a wet weather sewer overflow event. The 
results in Figure 8.9 are from the completed prior BN shown in Figure 8.5. As discussed, the 
level of risk to waterway values is associated with contamination of the waterway with 
disease-causing organisms as a result of wet weather sewer overflow and the potential 
adverse health effects if waterway users come into contact with the contaminated waters. 
Rather than assigning a low, high or medium level of risk, the BN provides a probability 
distribution for the risk posed to each waterway value. The level of risk with the highest 
probability provides the best indication of the risk to the waterway values, as it is the most 
likely outcome. The probability that the risk will not be in the risk category or level with the 
highest probability provides a measure of the uncertainty in assigning this predominant level 
of risk.  
 
Figure 8.9 shows that, based on current knowledge of the study site (with no evidence 
entered), a medium risk to PR, MS and HFCs has the highest probability, and therefore 
provides the best indication of the level of risk to these waterway values. A low risk to SR 
and NFCs has the highest probability and therefore is the most likely level of risk posed to 
these two waterway values. 
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For HFCs and PR the probability of medium risk is only 46% and 51% respectively. 
Therefore, there is still a 54% and 49% chance respectively that the level of risk to these 
waterway values will be something other than medium. There is a 74% chance that the risk 
to MS will be medium, and therefore there is more certainty in a medium risk outcome for MS 
than for the HFCs and PR. The risk to NFCs has more certainty of being in any one state 
than any of the other waterway values, with a 96% probability of being low. This is followed 
by SR, which has an 85% chance of being in a low risk state.   
 
The uncertainty for PR and HFCs is primarily related to low risk rather than high risk, with a 
35% and 39% probability respectively of being in a low risk state compared with 14% and 
15% chance respectively of being in a high risk state. As MS has a 5% and 22% probability 
of being in a low and high risk state respectively, the uncertainty is primarily on the side of 
high rather than low risk. In fact, MS has the highest probability of being in a medium and 
high risk state than any of the other waterway values. The risk to SR has a small chance of 
being medium (13%) and a very low probability of being high (1%), whereas the risk to NFCs 
has no probability of being high and only a 3.6% chance of being medium. 
 
Both SR and particularly NFCs require much higher levels of FIs (E.coli) to produce 
significant consequences or health effects (refer to Section 8.3.5). This is due to a lower level 
of contact or exposure that will occur for these uses. For example, SR which includes such 
activities as boating, fishing and wading, will involve less contact with waters (usually no 
greater than the limbs) than PR where at times the head will be immersed in the water. 
Similarly, unlike for MS and HFCs, public access is restricted during irrigation periods for 
NFCs and the nature of the crops is such that the level of human contact is minimal (refer to 
Section 8.2.1 for definitions of each of the waterway values). Therefore, it is expected that 
the risk posed to SR and NFCs would be lower than those where a higher level of contact will 
occur, such as for MS, PR and HFCs  
 
Based on the current knowledge at the study site, MS is the most critical, as it has a higher 
probability of being in a medium and high risk state than any of the other waterway values. 
As discussed in Appendix I for MS, where the public has direct access to irrigated lawns and 
parks, the risks may be higher than those associated with irrigation of vegetables consumed 
raw (which is related to the HFCs waterway value). The reason for this is that for HFCs some 
die-off is expected between irrigation and consumption and it is assumed that washing of 
these vegetables will also take place. This was reflected in the risk matrix tables developed 
in Section 8.3.5 (and shown in Appendix J), which were used to assign the risk levels for 
each of the waterway values in the BN. The likelihood of using the waterway for MS based 
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on current knowledge was also higher than for PR and HFCs (shown in Figure 8.5), which 
would increase the risk to MS. Therefore, the higher risk to MS is expected 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.9 Probability of risk to each of the waterway values based on the prior Bayesian 
network 
 
In the prior BN (Figure 8.5) both the probability of a wet weather sewer overflow occurring as 
a result of 1 year storm event and high levels of FIs (E.coli  and enterococci) being present in 
the MPC are fairly high. However, the chance that the waterway will be used for all the 
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waterway values is predominantly remote or unlikely, which largely contributes to a low 
probability that the risk to waterway values will be high. Where the probability that the 
waterway will be used for the different waterway values is greater, a higher probability of a 
high risk to these values can be expected.  
 
The risk outcomes for the prior BN indicate that when other factors such as the concentration 
of pathogens (suggested by levels of FIs) and the likelihood of exposure to or contact with 
these concentrations, are taken into account, a non-compliant sewerage catchment under 
the SEPP (Wov, 2003) does not necessarily result in a high public health risk. Therefore, it is 
important that these other factors or variables, including the level of FIs and the likelihood 
that the waterway will be used, are considered when assessing the public health risk 
associated with wet weather sewer overflows discharging to waterways.    
 
8.6.2 Posterior risk outcomes for waterway values based on scenario analysis 
 
One of the functions of the BN is that it can calculate new beliefs (belief updating) when new 
information, typically referred to as evidence, becomes available through the application of 
Bayes’ Theorem. In the BN, belief updating is done through the use of inference algorithms 
(Korb and Nicholson, 2004). Major classes of inference algorithms used in BNs are 
described by Korb and Nicholson (2004) and vary based on different network structures and 
performance requirements. The software (Netica) used to develop the BN in the present 
study uses the junction tree algorithm to perform probabilistic inference. 
 
Various scenarios are presented in this section, to discover how the probability of risk 
outcomes in the prior BN, presented in Figure 8.5, change based on new evidence entered 
into the BN. In this instance, evidence refers to a definite finding that a node or variable in the 
BN has a particular value, or in other words, there is a finding of 100% probability that a 
variable will be in one particular state. In terms of the scenarios investigated, various findings 
are entered for each of the parent variables; waterway use, wet weather sewer overflow and 
FIs (in-stream E.coli and enterococci). This provides an indication of how these variables will 
impact on or influence the risk outcomes for the waterway values. Particular attention is paid 
to how effective various sewer overflow management options, which directly relate to the 
parent variables, are in reducing the risk to waterway values at the study site. This is 
followed by identification of ‘hotspot’, or ‘worst-case’ sites, where conditions are such that the 
highest risk to waterway values is produced, and how effective various management options 
may be in reducing risk outcomes at these sites.   
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Findings at the waterway use nodes  
 
Figure 8.10 shows the difference in the level of risk to waterway values which would result 
from the BN model in Figure 8.5, where different findings (100% probability) are entered for 
each of their respective waterway use nodes into the prior BN model. Findings of remote and 
almost certain are chosen, which gives the variation in risk that is likely between the lowest 
(remote) and highest (almost certain) waterway use. Remote represents the best-case for 
waterway use in terms of risk and almost certain represents the worst-case. Even Chance, 
which represents a 41% to 60% chance of the waterway being used, has also been included 
as a midway point. The risk outcomes for the prior BN are also included on the graphs in 
Figure 8.10 to provide a comparison.   
 
Figure 8.10 shows that when there is a 100% probability of waterway use being remote, 
there is no chance (zero% probability) that the risk to any of the waterway values will be high. 
With this finding, the risk to SR and NFCs is 100% low, compared with an 85% and 96% 
probability of being low in the prior BN, respectively. The risk to HFCs is predominantly low 
as opposed to medium in the prior BN. The risk to MS and PR is predominantly medium and, 
as mentioned before, there is no chance of it being high.   
 
These results show that a decrease in the likelihood that the waterway will be used also 
results in a decrease in risk to all waterway values. For most waterway values however, the 
same risk level is predominant as those in the prior BN. The prior network resulted in the 
highest probability of low risk to SR and NFCs, which is still the case when a finding of 
remote is entered for waterway use (see Figure 8.10). Likewise, a medium risk to PR and MS 
is most likely based both on the prior BN and when a finding of remote is entered into the 
prior BN model (see Figure 8.10). Only a change in the predominant level of risk to HFCs is 
observed. Figure 8.10 shows a predominantly low risk to HFCs based on a remote finding, 
as opposed to medium in the prior BN. Therefore, with the possible exception of HFCs, it is 
not likely that restricting access of waterway users at the study site will result in a significant 
reduction of risk to waterway values, with the predominant level of risk remaining the same. 
This is mostly due to an already low probability of using the waterway at the study site as 
shown in prior BN, which for most waterway values had the most certainty of being remote or 
unlikely.  
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Figure 8.10 Probability of risk to each of the waterway values based on various findings at 
the waterway use nodes 
 
A comparison of the level of risk following entry of various findings for the waterway use 
nodes (remote, even chance and almost certain) in Figure 8.10 shows that the risk to 
waterway values increases with increasing certainty of using the waterway. If a finding of 
even chance or almost certain chance of using the waterway is entered into the BN, the level 
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of risk to PR and MS has the most certainty of being high, compared with medium in the prior 
BN. With an almost certain chance of using the waterway, the risk to HFCs is also 
predominantly high, as opposed to predominantly medium in the prior BN. Where there is an 
even chance of using the waterway, there is still the most certainty of a medium risk to HFCs. 
Similarly, with an even chance of using the waterway, the predominant level of risk to SR and 
NFCs is low, as was the case in the prior BN. On the other hand, with an almost certain 
finding, the risk to SR and NFCs is predominantly medium, compared with predominantly low 
for the prior BN. Therefore, it is clear from Figure 8.10 that with an increased certainty of 
waterway use, the level of risk also increases and the level of risk which has the greatest 
certainty can change on this basis. However, for SR, NFCs and HFCs a greater chance of 
using the waterway is required to change the predominant level of risk than for MS and PR.  
 
The sensitivity analysis in Section 8.5.2 showed that for all waterway values except PR, of all 
the evidence nodes, the waterway use nodes had the highest influence on the risk to 
waterway values. From the results above, it is clear that the influence of waterway use on the 
risk to waterway values in the prior BN is associated with its ability to increase the risk by an 
increase in its own probability. Referring back to the methods used in assigning the risk level 
(see Section 8.3.5), it is shown that an increased probability of waterway use contributes to 
an increase in the likelihood of coming into contact with a certain level of FIs. A combination 
of likelihood of contact with FIs and consequences (health effects associated with the 
concentration of FIs) determines the level of risk, and an increase in likelihood will result in 
an increase in risk.  
 
Findings at the wet weather sewer overflow node 
 
Figure 8.11 shows the difference in the level of risk to waterway values which would result 
from the BN model in Figure 8.5, where different findings (100% probability) are entered for 
the wet weather sewer overflow node into the prior BN model. A finding of 1, 5 and 10 years 
is entered into the BN model, indicating that wet weather sewer overflow will result from 
storms with ARIs of 1, 5 or 10 years. In this section, a comparison is made of the level of risk 
to waterway values resulting from the compliant overflow according to the SEPP (WoV, 
2003) (arising as a result of a storm with and ARI of 10 years) with the two non-compliant 
overflows (arising as a result of a storm with an ARI of 1 or 5 years). Furthermore, a 
comparison of the risks posed to waterway values following a finding entered for each of the 
non-compliant overflows with the current conditions for wet weather sewer overflow (shown 
in the prior BN) is made. This provides insight into how useful upgrading the sewer to a 
larger capacity may be in reducing the risk to waterway values, given the current situation at 
the study site.  
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Figure 8.11 Probability of risk to each of the waterway values based on various findings at 
the wet weather sewer overflow node 
 
Figure 8.11 shows a finding (100% probability) of 1 year results in very similar risk outcomes 
to those of the prior network. This is expected, as the probability of an overflow occurring as 
a result of a 1 year storm in the prior network was 77%, which is close to 100% (refer to 
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Figure 8.5). When a finding (100% probability) for the 5 year storm is entered, the risk to the 
waterway values reduces. When there is 100% probability of a 5 year storm the risk to SR 
and NFCs is 100% low. Furthermore, there is no chance of a high risk being posed to any of 
the waterway values, with the risk to MS and PR having more certainty of being medium than 
in the prior BN. The risk to HFCs as a result of an overflow occurring from a storm with an 
ARI of 5 years has a greater probability of being low rather than medium, as is the case 
when an overflow occurs as a result of a storm with an ARI of 1 year and also in the prior BN. 
Despite these changes however, with the possible exception of HFCs, the same predominant 
level of risk exits as in the prior BN and where an overflow occurs as a result of a 1 year 
event. 
 
Figure 8.11 shows that when a finding for a 10 year storm for wet weather overflow is 
entered in the BN, the risk to the waterway values is almost identical to the risk when a 
finding of a 5 year storm is entered. There is a very slight difference, due to the small 
variation in the resulting in-stream FI (E.coli and enterococci) levels between the two storms. 
The difference in the probability of the 5 and 10 year storms occurring is 10% and 20% 
respectively (these probabilities have been normalized in the BN), which results in a very 
small difference in the likelihood of waterway users coming into contact with FIs arising from 
each of these storms. This small difference was not detected in assigning a deterministic risk 
level (refer to Section 8.3.5 for a further explanation on how risk levels were assigned). This 
highlights some insensitivity in the approach used to assign the risk levels. However, it also 
points to the insignificance in the difference between the likelihood of contact with 
contaminants and therefore risk from wet weather overflow arising from 5 and 10 year 
events.   
 
There will be only a small reduction in risk if the sewer in this study catchment is upgraded so 
that sewer flows associated with less than 1 in 10 year storm events are contained (e.g. 1 
year and 5 year events). In fact, most waterway values will retain the highest probability for 
the same level of risk. Therefore, in relation to the study site, there would be almost no 
benefit in terms of reducing risk outcomes by upgrading the sewer system, which is currently 
a requirement under the SEPP (WoV, 2003).   
 
These results were not unexpected, and can be traced back to the methods used to assign 
risk levels which were discussed in Section 8.3.5 and were based on a combination of 
consequences or health effects and likelihood. Likelihood refers to the probability that 
waterway users will come into contact with a certain FI concentration arising from sewer 
overflow, and is derived from the joint probability of wet weather overflow, FIs at a certain 
concentration as a result of overflow, and waterway use. If one or more of these events has a 
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low probability, regardless of how high the probabilities of the other two variables are, the 
likelihood will remain relatively low. Therefore, as waterway use in the prior BN in Figure 8.5 
has a low probability of occurrence (being mostly remote or unlikely), whether wet weather 
overflow occurs more frequently (1 year event) or not (5 and 10 year events), the probability 
of coming into contact with FI concentrations will remain mostly low. This in turn means the 
risk will remain mostly medium to low, regardless of the frequency of wet weather sewer 
overflow.    
 
Urban streams which receive sewer overflow in and around Melbourne are often fairly 
degraded and therefore not heavily used. Hence the type of scenario seen at the study site, 
where the sewer catchment does not comply with the SEPP (WoV, 2003) 1 in 5 year sewer 
flow containment standard, but where waterway use is remote or unlikely, is not uncommon 
in Melbourne. Therefore, the minimal benefit of upgrading the sewer capacity is likely to be 
an issue for other catchments and is likely to be more widespread than the study site alone.   
 
Findings at the faecal indicator nodes 
 
Figure 8.12 shows the difference in risk levels for waterway values (from the BN model) 
when different findings (100% probability) are entered for the various states of the FI nodes 
in the prior BN. Findings entered for the enterococci node was used to assess the change in 
the risk levels for PR, as this FI rather than E.coli was used in determining the risk to PR (as 
previously discussed in Section 8.3.5). 
 
Figure 8.12 shows that, when a finding of less than 100 orgs/100ml is entered for in-stream 
E.coli, the risk to all waterway values (except PR) is 100% low. This is not a significant 
difference in risk to SR and NFCs, which in the prior network already had a high probability of 
being low risk (85% and 96% respectively). However, it is a significant reduction in risk to MS 
and HFCs which had the most certainty of being in a medium risk state in the prior BN. 
However, a 100% low risk to MS, SR, HFCs and NFCs is also obtained with a finding of 100-
1000 orgs/100ml for in-stream E.coli. Therefore, essentially in-stream MPC concentrations of 
E.coli could be reduced below 1000 orgs/100m and yield the same level of risk to waterway 
values as those resulting where levels are below 100 orgs/100m. 
 
Figure 8.12 shows that the level of risk to HFCs has the most certainty of being low when 
E.coli levels are below 104 orgs/100ml at the study site. This is a reduction in risk to HFCs 
from the prior BN, where the most likely risk outcome was medium. Despite levels of E.coli 
being quite high (up to 104 orgs/100ml), in the prior BN the likelihood of using the waterway 
for HFCs is mostly remote. Hence, the primarily low risk outcome is not unexpected. Figure 
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8.12 shows that when E.coli levels are in the highest state (104-105 orgs/100ml), a medium 
risk to HFCs is the most likely outcome, which is the same for the prior BN. On the other 
hand, a medium risk to MS is most likely when there is a 100% probability of E.coli levels 
being above 1000 orgs/100ml. A medium risk to MS is also most likely in the prior BN.  
 
Reducing in-stream MPC E.coli concentrations to below 1000 orgs/100ml at the study site 
would significantly reduce the risk to MS and HFCs from predominantly medium risk to 100% 
low risk. This may involve treatment of wet weather sewer overflow to enable lower in-stream 
levels. On the other hand, minimal difference in risk to SR and NFCs would be achieved by 
treatment of the overflow, which would remain mostly low regardless of the E.coli levels at 
the study site. 
 
When a finding of less than 41 orgs/100ml of enterococci is entered, the risk to PR becomes 
100% low. This is also the case for a finding of less than 200 orgs/100ml of enterococci. A 
finding between 201-500 orgs/100ml of enterococci also results in a mainly low risk to PR, 
with only slight chance of a medium risk (11%). For a finding of greater than 500 orgs/100ml 
of enterococci, the risk to PR is predominantly medium (77%) with a 23% chance of being 
high. In the prior BN the risk to PR is also most likely medium. Therefore, where enterococci 
concentrations in the MPC are found to be below 500 orgs/100ml or treated to this level, the 
risk will be significantly reduced at the study site, with a change in the predominant level of 
risk from medium to low.  
 
As mentioned above, the risk to SR and NFCs remains predominantly low regardless of the 
level of E.coli chosen. The sensitivity analysis (refer to Section 8.5.2) also showed that 
findings at the FI nodes had less influence on risk outcomes for SR and NFCs than the other 
parent variables such as waterway use and wet weather sewer overflow. The reason why the 
E.coli node exerts only a small influence on risk outcomes for these two waterway values can 
be traced back to the methods used to assign risk levels, as presented in Section 8.3.5. 
Typically, higher risks to SR and more particularly NFCs only occur when both the likelihood 
of coming into contact with FI concentrations and the consequences (and thus FI 
concentration) are both high (refer to risk matrix tables in Section 8.3.5). As mentioned 
earlier, in the prior BN the likelihood of users coming into contact with a certain FI 
concentration will remain fairly low, regardless of the probability of wet weather sewer 
overflow or a particular FI concentration being present in the waterway, due to the waterway 
use being mostly unlikely and remote. Therefore, in the prior BN the risk to HFCs and SR will 
be mostly low and will not change, regardless of whether the E.coli level is mostly high or 
low.  
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Figure 8.12 Probability of risk to each of the waterway values based on various findings at 
the in-stream E.coli node and enterococci node (for primary recreation) 
 
On the other hand, the sensitivity analysis in Section 8.5.2 showed that, in the prior BN for 
MS and HFCs, in-stream E.coli was the second most influential evidence node behind 
waterway use, and for PR in-stream enterococci was the most influential of all the evidence 
nodes. For MS, HFCs and PR, even when the likelihood of waterway users coming into 
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contact with FIs is low as is the case for the study site, the varying severity of consequences 
or health effects resulting from the different FI levels generates a greater range in risk than is 
seen for NFCs and SR. Therefore, for these three waterway values the risk will change 
based on the consequences (FI concentrations), even when the likelihood of contact is 
remote or unlikely (refer to risk matrix tables in Section 8.3.5). This is plausible as more 
severe health effects are likely for MS, HFCs and PR waterway values than for SR and NFCs 
based on comparable concentrations of FIs in the waterway.   
 
Identifying ‘worst-case’ or ‘hotspot sites’ and analysing risk outcomes at these sites 
 
Thus far, results have focused on the current situation at the study site. In addition to 
assessing the study site it is also worthwhile establishing which sites would likely pose the 
highest risk to waterway values as these should be the focus of sewer overflow management 
options. This further highlights how the BN can be used to represent other sites or situations. 
Management options to reduce risks at these ‘hotspot ‘sites may also prove more effective, 
than for the study site. As shown in the results presented above, based on current conditions 
at the study site, the risk was not significantly reduced by various management actions due 
to an already quite low level of risk in the prior BN.  
 
A worst-case scenario when the findings entered into the BN will result in the highest 
possible risk outcomes for a site includes a finding (100% probability) of: 
 
• 1 year for wet weather sewer overflow,  
• Almost certain for each waterway use node and  
• Concentrations of 104-105 and > 500 orgs/100ml for in-stream E.coli and enterococci 
nodes respectively.   
 
In this worst-case scenario, the three parent variables can be said to be in the worst-case 
states or to have worst-case findings.  
 
Figure 8.13 shows the risk outcomes for each of the waterway values generated from the BN 
model for this scenario, which for many waterway values results in a 100% probability of a 
high risk outcome. The exception to this is the risk to NFCs, which is 100% medium. The 
waterway value NFCs requires much larger levels of FIs for significant consequences or 
health effects to occur, as was shown in Section 8.3.5. Hence, even with an almost certain 
chance of coming into contact with the highest level of FIs, major health effects are not 
expected and the risk remains medium.   
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The site with these worst-case findings described above would generate the maximum risk 
and therefore should be a priority. Unlike in the prior BN, for the ‘hotspot site’ in the BN all 
the parent variables (of the waterway values) have definite findings (100% probability) of 
being in a particular state (as described above). As mentioned in Section 8.3.5, a non-
probabilistic level of risk is assigned to waterway values based on the states of the parent 
variables. Therefore, where the parent variable states are certain, the risk outcomes are also 
certain (100% probability), as shown in Figure 8.13. 
 
Although the very worst-case site is presented here, sites with a high probability of parent 
variables being in worst-case states have a higher chance of high risk outcomes for 
waterway values, and hence in general, are anticipated to be hotspot sites and a priority for 
management action. 
 
 
Figure 8.13 Risk to waterway values based on a worst case scenario 
 
Findings at the waterway use nodes for the hotspot site 
 
Figure 8.14 shows the reduction in risk if the waterway use is altered from a worst-case 
finding which is almost certain, to even chance and remote. Figure 8.14 shows that when 
waterway use is restricted so that the likelihood of using the waterway is reduced from 
almost certain to remote, the risk to PR, MS and HFCs is reduced from 100% high to 100% 
medium. However, if there is an even chance of using the waterway, the risk to PR, MS and 
HFCs is still 100% high. On the other hand, the risk to SR reduces from 100% high based on 
an almost certain chance of use, to 100% medium based on an even chance of use, to 100% 
low based on a remote chance of use. The risk to NFCs reduces from 100% medium based 
on an almost certain chance of use to low as a result of a finding of even chance.  
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Figure 8.14 Probability of risk to waterway values based on various findings at the waterway 
use nodes given worst-case findings at the wet weather sewer overflow and faecal indicator 
nodes 
 
These results show that restricting access following wet weather sewer overflow at these 
worst-case sites will reduce the level of risk, particularly for SR, with a reduction from 100% 
high for an almost certain chance of use to 100% low based on a remote chance of use. 
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Based on findings at the waterway use nodes for the prior BN, a significant reduction in risk 
was not achieved with reduced waterway use, due the probability of waterway use being 
initially mainly low. Therefore, it is important that management options such as restricting 
waterway access are targeted towards sites which will benefit in terms of reduced risk.  
 
Findings at the wet weather sewer overflow node for the hotspot site 
 
Figure 8.15 shows the reduction in risk if the wet weather sewer overflow is altered from a 
worst-case state which is 1 year to a finding of either 5 or 10 years. For PR, MS and HFCs 
there is a reduction in risk from high to medium risk, with the maximum reduction in risk 
being from 100% high to 100% medium risk. There is a large reduction in risk to SR from 
100% high risk (based on a finding of 1 year) to 100% low risk when a finding of 5 or 10 
years is entered. The risk to NFCs reduces from 100% medium, based on a finding of 1 year 
to 100% low when a finding of 5 and 10 years is entered into the BN model.   
 
Figure 8.15 shows that a finding of 5 years for the wet weather overflow node does not result 
in a high-risk outcome, even when the other parent nodes are in worst-case states. 
Therefore, given that in Figure 8.15, waterway use and FI nodes are in the worst-case states, 
it is clear that no combination of these other two parent variables will result in a high risk to 
waterway values when the overflow occurs as a result of a 5 year storm. Therefore, a 
sewerage catchment which can contain flows associated with a 1 year storm but not a 5 year 
storm and therefore is considered non-compliant under the SEPP (WoV, 2003), would not be 
associated with high risk outcomes according to the BN and hence would not necessarily be 
a high priority. Furthermore, Figure 8.15 shows that an overflow resulting from a 5 and 10 
year event results in the same level of risk. Therefore, upgrading the sewer so that is can 
contain flows associated with a 5 year storm event, but not a 10 year storm event would be 
unlikely to reduce the risk to waterway values. These results assume that all other parent 
variables have a high probability of being in worst-case states and that the sewerage system 
can contain sewer flows associated with a 1 year storm. 
 
Based on the results presented in Figure 8.15, of the non-compliant overflows, the sewerage 
catchments which overflow in 1 year rather than 5 year events are a high priority as only they 
will result in high risk outcomes. For the sewers which overflow in 1 year storms, a significant 
reduction in risk particularly for SR will occur if the sewer is upgraded. However, whether the 
sewer is upgraded so that it contains flows associated with storms with an ARI of 1 year but 
less than 5 years or contains flows associated with storms with an ARI of 5 years but less 
than 10 years will make no difference to the risk to waterway values.  
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Figure 8.15 Probability of risk to waterway values based on various findings at the wet 
weather sewer overflow node given worst-case findings at the waterway use and faecal 
indicator nodes 
 
A comparison of these results with the findings entered for wet weather overflow in the prior 
BN shows there is a much more significant reduction in risk to the waterway values based on 
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a reduced overflow frequency at the worst-case site. This further highlights the importance of 
targeting worst-case sites for management options such as upgrading the sewer capacity.   
 
Findings at the faecal indicator nodes for the hotspot site 
 
Figure 8.16 shows that a reduction in FI concentrations will give the biggest reduction in risk 
of all the parent variables to PR, MS and HFCs. For MS and HFCs the maximum decrease in 
risk occurs when in-stream E.coli levels are reduced from 104-105 orgs/100ml to less than 
1000 orgs/100ml. This results in a drop from 100% high risk to 100% low risk. For PR, the 
maximum reduction in risk occurs when in-stream enterococci levels are decreased from 
greater than 500 orgs/100ml to less than 200 orgs/100ml. This also results in a drop from 
100% high risk to 100% low risk. Based on these results treatment of sewer overflow would 
be more effective in reducing risks to PR, MS and HFCs than restricting access of waterway 
users or upgrading the sewer capacity, at worst-case sites. 
 
At the worst-case site, the reduction in risk to SR and NFCs drops to 100% low from 100% 
high and medium risk respectively, where E.coli levels are reduced to less than 1000 
orgs/100ml. As explained earlier, higher risks for SR and NFCs are generally associated with 
high levels of FIs concentrations (consequences) and a high likelihood of contact with this 
concentration. Therefore, a reduction in either of these factors will also result in a reduced 
risk. Therefore, the decrease in risk for SR and NFCs based on a drop in in-stream FI 
concentrations is not greater than from a reduction to best-case states from worst-case 
states for the other parent nodes. 
 
As shown earlier, with a reduction from worst-case to best-case states for the other variables 
(wet weather overflow and waterway use) at the hotspot site, the likelihood of contact is 
reduced. However, for MS, PR and HFCs the level of risk still remains medium, due to the 
severity in health effects associated with high levels of FIs (as shown in Figures 8.14 and 
8.15). In this case, when the FI level is decreased but the other variables (wet weather 
overflow, waterway use) remain in worst-case states, there is a greater reduction in risk to 
these waterway values because both the likelihood and consequences are reduced. The 
consequences or health effects are reduced because the FI concentration is lower. As 
discussed earlier and explained fully in Section 8.3.5, the probability of the FIs in the stream 
being at a certain concentration is one of the variables used to determine the joint probability 
that waterway users will come into contact with this FI concentration. Therefore, despite wet 
weather overflow and waterway use still being in worst-case states, with a reduction in the FI 
concentration the likelihood of contact also reduces because there is a lower probability that 
FIs will be at these lower concentrations.  
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Figure 8.16 Probability of risk to waterway values based on various findings at the faecal 
indicator nodes given worst-case findings at the waterway use and wet weather sewer 
overflow nodes 
 
Findings entered for a combination of parent variables for the hotspot site 
 
This section examines the entry of best-case findings for a combination of the parent 
variables at the hotspots sites to see if the risk to waterway values could be reduced further 
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than for a best-case finding at one variable only. Best-case findings refer to the findings 
(100% probability) for the variable states which will result in the lowest risk outcomes to 
waterway values. 
 
For example, at the hotspot site the sewer may be upgraded to comply with the SEPP (WoV, 
2003) 5 year containment standard (which is a 10 year finding for wet weather overflow), and 
at the same time waterway use may be restricted following sewer overflow so that the 
chance of use is remote (a remote finding for waterway use). Figure 8.17 shows the 
reduction in risk to each of the waterway values from worst-case findings at the waterway 
use and wet weather overflow nodes (almost certain and 1 year respectively), to a 
combination of best-case findings of remote waterway use and a 5 or 10 year wet weather 
sewer overflow. Figure 8.17 shows that the reduction in risk to all waterway values based on 
a combination of best-case findings at the wet weather overflow and waterway use nodes is 
no greater than a best-case finding for one of these nodes individually, as shown in Figure 
8.14 and 8.15. This includes a reduction of 100% high risk to 100 % medium risk to MS, PR 
and HFCs. Similarly, the risk to SR is reduced from 100% high to 100% low and for NFCs the 
risk is reduced from 100% medium to 100% low, as was the case in Figures 8.14 and 8.15. 
Therefore, a combination of management options relating to upgrading the sewer capacity 
and restricting waterway access will not reduce the risk to waterway values any further than if 
just one of these options is implemented. For SR and NFCs, the risk cannot be reduced any 
further as it is already 100% low following a best-case finding for one of the nodes. As was 
explained earlier for MS, PR and HFCs however, even if the likelihood of coming into contact 
with the FI concentration is reduced even further (due to a combination of reduced waterway 
use and wet weather overflow frequency), the high FI concentration impacts on the 
significance of the consequences or health effects and therefore risk. Hence, no matter how 
low the likelihood of contact with the FI concentration is, the risk in this case remains 
medium, based on the severity of health effects for these three waterway values.   
 
Figure 8.18 shows the reduction in risk outcomes if best-case findings were introduced for all 
three parent variables. Therefore, in Figure 8.18 wet weather overflow and waterway use are 
already in best-case states. Hence, any further reduction in risk to waterway values is 
attributable to a drop from a worst-case to a best-case finding for the FI nodes (a decrease in 
FI concentration). Instead of a medium risk to PR shown in Figure 8.17 as a result of 
upgrading the sewer capacity and restricting waterway access, Figure 8.18 shows a drop to 
100% low risk if the in-stream enterococci concentration is reduced below 500 orgs/100ml.  
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Figure 8.17 Probability of risk to waterway values given worst and best-case findings at the 
wet weather sewer overflow (WWOVF) and waterway use nodes (faecal indicator nodes 
remain in worst-case states) 
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Likewise for MS and HFCs, a decrease from medium to low risk occurs when in-stream 
E.coli levels are below 1000 orgs/100ml. A further reduction in risk to SR and NFCs is not 
observed when E.coli levels are reduced, with the level of risk already 100% low based on 
restricting access and upgrading the capacity of the sewerage system.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.18 Probability of risk to waterway values resulting from various findings at the faecal 
indicator nodes given best-case findings at the waterway use and wet weather sewer 
overflow nodes 
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In Figure 8.16, a low risk to MS, PR and HFCs was achieved by reducing the FI 
concentrations alone. Therefore, there is no added benefit in also upgrading the sewer and 
restricting access if measures have already been put in place to reduce FI concentrations. 
However, the concentration of FIs that will result in a low risk outcome for PR and HFCs and 
a medium risk outcome for MS is higher when the wet weather overflow and waterway use 
nodes are in best-case states. For example, in Figure 8.16, when the waterway use and wet 
weather sewer overflow nodes were in worst-case states, a low risk to PR was achieved by 
reducing in-stream enterococci concentrations below 200 orgs/100ml. However, in Figure 
8.18 where the wet weather sewer overflow and waterway use nodes are in best-case states, 
a low risk to PR is achieved if in-stream enterococci levels are reduced below 500 
orgs/100ml. Therefore, with an increase in probability that the other parent nodes, waterway 
use and wet weather sewer overflow, will be in best-case states, less reduction in in-stream 
FI concentrations is needed to achieve low risk outcomes for PR and HFCs and a medium 
risk outcome for MS. 
 
8.7 Limitations of the Bayesian Network Model 
 
In determining the level of risk to the waterway values associated with sewer overflow no 
method is perfect. Some of the main limitations of the BN approach are identified and 
discussed below: 
 
• The level of risk assigned via the risk ranking method is subjective, as it is based on 
expert opinion derived from the literature and supported by background information and 
other technical details. A Review by experts also contributed to the subjective 
assessment of risk by providing feedback on risk outcomes. Although reliance on expert 
opinion as scientific support tools has become accepted and widespread (Burgman, 
2005), there is always some level of uncertainty attached to the subjective determination 
of risk which is not necessarily acknowledged in the risk ranking process. Therefore, risk 
outcomes in the BN should be viewed with this in mind. 
 
• Probabilities in relation to waterway use are also subjective. The waterway use node in 
the sensitivity analysis is acknowledged as having the greatest influence on risk for most 
waterway values. Therefore, further data collection for this node would improve the 
certainty of risk outcomes. 
 
• Concentrations of E.coli and enterococci in the MPC were estimated based on the mass 
balance model described in Chapter 6 and Appendix G. Since there is no substitute for 
measured data, in-stream sampling following sewer overflow events would reduce the 
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uncertainty in relation to the probability distributions adopted in the BN for E.coli and 
enterococci variables and hence risk outcomes.  
 
• Findings relate only to the storms considered in the BN, which were 1, 5 and 10 year 
events with storm durations of ½, 2, 6, 12, 24 and 48 hours. Therefore, risk outcomes for 
other events cannot be ascertained from the model.   
 
• The risk ranking process in Section 8.3.5 was shown to be somewhat insensitive to small 
differences in likelihood and consequences, as was seen for the 5 and 10 year sewer 
overflow events (refer to Section 8.3.5 for a description of likelihood and consequences). 
For example, the 5 and 10 year events had the same consequence categories because 
the FI levels resulting from each event were very similar, as shown in Tables 8.7 and 8.8. 
However, as shown in Section 8.3.1, the 5 and 10 year events had different quantitative 
probabilities of occurring of 10% and 20% respectively. Consequently, the likelihood of 
coming into contact with the contaminated waters as a result of these events would also 
differ. Despite this, the likelihood category (which included a certain range in quantitative 
probability) used to assign the level of risk (see Table 8.10 of Section 8.3.4) was 
generally the same for both overflow events and hence both events resulted in a similar 
risk level. Therefore, the risk ranking process failed to pick up the small difference in the 
likelihood of coming into contact with the contaminated waters as a result of the 5 and 10 
year events.   
 
• The BN software requires that continuous probability distributions for nodes are 
discretised, which can result in the oversimplification of the states for these variables 
(Hart and Pollino, 2009). 
 
• The prior probabilities entered for each of the variable states relate directly to the study 
site and may need to be updated to reflect situations at other sites.  
 
8.8 Summary and Conclusions  
 
For microbiological contaminants arising from wet weather sewer overflow highlighted as 
high risk as a result of initial screening, a BN has been developed in this chapter to perform a 
more detailed risk analysis. The primary aim of the BN was to identify the public health risks 
associated with microbiological contaminants as a result of wet weather sewer overflow in 
the MPC. In addition, through the application of probabilistic inference, different situations or 
scenarios were explored using the BN model (referred to as scenario analysis), thus 
demonstrating how the BN may be used to represent other events or sites. Scenario analysis 
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allowed the impact of important variables in the model on public health risk outcomes to be 
determined and consequently the degree of effectiveness of various sewer overflow 
management options, which directly relate to these variables, in reducing risk outcomes.   
 
First, the BN model was constructed which involved identifying the important variables within 
the system and the relationships (dependencies) between these variables. Two distinct 
groups of variables were identified for inclusion in the BN model, including the public health 
values of the waterway that are protected and the threats to these waterway values. Five 
waterway values were incorporated into the BN model, including primary and secondary 
recreation and irrigation of municipal spaces, human food crops and non-food crops. The 
threats to these values were identified based on the principles of other health assessment 
techniques and included wet weather sewer overflow, in-stream E.coli and enterococci 
concentrations as a result of sewer overflow, raw sewage concentration (to predict in-stream 
E.coli and enterococci levels) and a waterway use variable for each of the waterway values 
(representing the likelihood of using the waterway).  
 
To complete the BN when the conceptual framework of the model was established, each 
variable was assigned states which represent values that the variable can take which are 
mutually exclusive and exhaustive. For each state, a probability that the node will take that 
particular state was assigned. Both subjective probabilities derived from expert opinion and 
quantitative probabilities were used in the BN. 
 
When the BN construction process was completed, evaluation of the model was undertaken, 
which included a structured review of the model by experts at City West Water and sensitivity 
analysis (specifically sensitivity to evidence). Based on feedback from the expert review, 
some changes were made to the BN structure, but overall the feedback was positive. In 
general, the dependencies shown in the prior BN structure as highlighted by the results of 
the sensitivity analysis indicate that the network behaves as it should. For all but primary 
recreation, the waterway use node has the highest influence of all the evidence variables or 
nodes on the risk to waterway values. The enterococci node has the highest influence on the 
risk outcomes for primary recreation. Therefore, to reduce the uncertainty in the risk 
outcomes from the BN model, further data collection at the study site should be targeted to 
in-stream enterococci concentrations and waterway use.   
 
Based upon the current knowledge of the study site, a medium risk to primary recreation, 
human food crops and municipal spaces is most likely. A low risk to non- food crops and 
secondary recreation has the highest probability and therefore provides the best indication of 
the level of risk to these two waterway values. Overall, the risk to municipal spaces was the 
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highest and hence most critical, and the risk to non-food crops was the lowest of all the 
waterway values. The difference in risk outcomes for the different waterway values highlights 
the importance of considering the range of potential values that may be protected at different 
sites when assessing the public health risk from wet weather sewer overflows.   
 
The low probability of high-risk outcomes for all of the waterway values at the study site is 
largely due to a low probability of the waterway being used for any of these purposes. Hence, 
the risk outcomes for the study site highlight that a non-compliant sewerage catchment under 
the SEPP (WoV, 2003) may not necessarily present a high public health risk where other 
variables are considered, rather than the frequency of wet weather sewer overflow alone. 
Therefore, it is important that other variables such as in-stream faecal indicator (FI) 
concentration and waterway use be considered in assessing the public health risk from these 
events. 
 
Results of the scenario analysis showed that measures introduced at the study site to reduce 
waterway use or access would not result in a change to the predominant level of risk. On the 
other hand, at a worst-case or hotspot site which generates the highest possible risk 
outcomes, restricting access following wet weather sewer overflow will reduce the level of 
risk significantly with a change in the predominant level of risk.    
 
At the study site there would be almost no benefit in reducing risk outcomes by upgrading the 
capacity of the sewer system, which is currently a requirement under the SEPP (WoV, 2003). 
The conditions seen at the study site are typical of those at other sites of wet weather 
overflows in urban streams in the Melbourne area. Therefore, it is likely that the 1 in 5 year 
sewer flow containment standard will achieve little reduction in risk at other sewerage 
catchments in and around Melbourne. Hence the issue is unlikely to be limited to the study 
site.  
 
At hotspot sites where the sewer overflows in 1 year storms, a significant reduction in risk, 
particularly for secondary recreation, will occur if the sewer is upgraded. However, whether 
the sewer is upgraded so that it contains flows associated with storms with an ARI of 1 year 
but less than 5 years or contains flows associated with storms with an ARI of 5 years but less 
than 10 years will make no difference to the risk to waterway values, as an overflow resulting 
from 5 or 10 year storms produces a similar level of risk. Therefore, a more relaxed 
benchmark of a 1 in 1 year sewer flow containment standard may be more appropriate than 
the current 1 in 5 year standard. However, further studies are needed to confirm this.   
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Reducing in-stream FI (E.coli or enterococci) concentrations at the study site (e.g. through 
treatment of sewer overflow) would significantly reduce the risk to municipal spaces, human 
food crops and primary recreation with a change in the predominant level of risk. Therefore, 
of all the variables, management options relating to a reduction in FI concentrations such as 
treatment of sewer overflow are likely to result in the greatest decrease in risk to primary 
recreation, municipal spaces and human food crops at the study site. At the worst-case or 
hotspot site the reduction in risk due to a decrease in FIs was even more significant for 
primary recreation, municipal spaces and human food crops than at the study site, and 
produced a greater reduction in risk than management options relating to the wet weather 
sewer overflow and waterway use variables. Unlike at the study site, a decrease in FI 
concentrations also resulted in a significant reduction in the risk to secondary recreation and 
non-food crops at the hotspot site, with a change in the predominant level of risk.   
 
Finally, the scenario analysis results show that at the hotspot site combining management 
options relating to sewer capacity upgrade, restricting waterway use or access and reduction 
of FI levels will not reduce the level of risk to waterway values any further than if only one of 
these options were implemented. By combining these management options however, the 
concentration of FIs which will result in low risk outcomes for primary recreation and human 
food crops and medium risk outcomes for municipal spaces is higher than when only the FI 
concentrations are reduced. Therefore, the FIs in the sewer overflow would not need to be 
treated to the same degree when other management options are implemented.   
 
Many of the conclusions reached in this chapter point to areas for further research and study, 
particularly relative to the public health benefits of achieving the 1 in 5 year flow containment 
requirement. Recommendations for further research are presented in the final chapter of the 
thesis, with the overall thesis summary and conclusions. 
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CHAPTER 9 
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
 
9.1 Summary  
 
Wet weather sewer overflows arise from sanitary sewer systems when the hydraulic capacity 
of the sewerage system is exceeded, due to entry of rainfall into the sewer via inflow and 
infiltration. Wet weather sewer overflows are considered a potential threat to the ecological 
and public health of the waterways which receive these overflows. As a result, water retailers 
in Australia and internationally commit significant resources in order to manage and abate 
sewer overflows. However, whilst some studies have contributed to an increased 
understanding of the impacts and risks associated with these events, they are relatively few 
in number and there still is a general lack of knowledge in this area. Furthermore, due to 
variability in actual events and hence the subsequent impacts, it is currently difficult for water 
retailers or responsible authorities to extrapolate findings from existing studies to their own 
unique situations. 
 
The research reported here was able to add to existing knowledge of the impacts of wet 
weather sewer overflow through an assessment of the ecological and public health risks 
arising from such events. Furthermore, it has provided this information in a way which 
enables it to be applied to other sites or assets, thus supporting the responsible authorities’ 
decision-making processes with regard to the management of these overflows. The research 
was conducted in the Five Mile Creek (FMC) sewerage catchment, which is located in a 
predominantly low-density residential urban area of the western suburbs of Melbourne, 
Australia. At the study site, three emergency relief structures (ERSs) overflow into the FMC 
stormwater drain which discharges into the lower section of the Moonee Ponds Creek 
(MPC). 
 
The initial stages of the research were devoted to the collection and analysis of appropriate 
water quality data at the chosen study site. Thirty two water quality contaminants, including a 
range of metals, microbiological and other ecosystem health stressors common to both 
sewage and stormwater, were chosen. Sampling in the FMC and MPC was conducted during 
ambient conditions over a twelve month period when no rainfall occurred in order to 
determine the existing condition of water quality in the MPC prior to sewer overflow and 
stormwater pollution. Water sampling was also conducted for a storm event without a sewer 
overflow, to distinguish the impact of sewer overflow from stormwater discharge. Due to the 
drought conditions, only one such event was sampled. Furthermore, as there were no wet 
weather sewer overflows during the data collection period, no measured data were collected. 
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As an alternative, raw sewage samples from the sewerage system were collected with the 
intention of applying hydrological dilutions to this raw sewage concentration data to predict 
receiving waterway concentrations following sewer overflow. 
 
The next stages of the research focused on developing a model to predict the concentration 
of contaminants in the receiving waterway as a result of wet weather sewer overflow. As only 
one storm event was sampled, the model was also used to predict the concentration in the 
receiving water from stormwater run-off without sewer overflow. First, this involved 
development of the hydraulic and hydrologic components of the simulation model. This 
included generation of sewer and receiving water flows based on key hydraulic and 
hydrologic variables such as varying design storms, using appropriate models. Dry and wet 
weather sewer flows and ERS overflow rates were generated using a hydraulic model 
developed by City West Water which included three components: Fixed PR Surface Run-off 
Volume model, Wallingford Run-off Routing model and Infoworks Infiltration model. The flows 
in the receiving waters were simulated using the RORB model. A steady state mass balance 
model was then developed in which raw sewage concentration data and hydrological 
dilutions are combined to predict levels of contaminants in receiving waterways from wet 
weather sewer overflow.  
 
Finally, the water quality data and other important information were used to analyse the 
ecological and public health risks associated with wet weather sewer overflows discharging 
to receiving waterways. This included a tiered risk assessment approach involving an initial 
screening of contaminants based on a worst-case conservative estimate of risk. For 
microbiological contaminants, which were identified as high risk from sewer overflow during 
the screening process, a Bayesian network model was developed, providing a more rigorous 
semi-quantitative assessment of public health risk. 
 
The research was guided by four research questions and the major conclusions of the 
research relate directly to these questions. A discussion of the conclusions for each research 
question is provided below, including recommendations and suggestions for further research. 
 
9.2 Conclusions and Recommendations  
 
Q1. What impact do wet weather sewer overflows have on the water quality of 
freshwater urban streams? 
 
The research identified two critical factors that influence the impact from wet weather sewer 
overflows on the water quality of receiving waters. Without considering these factors, 
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conclusions on the impacts of sewer overflow on water quality may be misinformed. The two 
factors include a variation in MPC concentrations as a result of sewer overflow due to varying 
hydraulic and hydrologic conditions, and other sources of in-stream pollution compounding 
impacts from sewer overflow. The findings relative to these two factors are summarised 
below. 
 
Variation in hydraulic and hydrologic conditions during a wet weather sewer overflow event 
 
• During a wet weather sewer overflow event certain key hydraulic and hydrologic variables 
are likely to vary, resulting in differing concentrations in the receiving waterways. These 
variables include:  
 
o Storm frequency and duration. Variation in these two variables resulted in differing 
flows in the sewer, and receiving FMC and MPC. These in turn will produce varying 
concentrations in the sewer network, sewer overflow and receiving waters due to 
changing dilutions of both raw sewage and stormwater. 
 
o Level of dry weather sewer flow (DWF) when the sewer overflow commences. The 
DWF in the sewer fluctuates throughout the day based on the variation in the amount 
of wastewater discharged to the sewer at any one time. When wet weather sewer 
overflow occurs at a time of increased or high DWF, the overflow volumes will be 
different than at times when DWF is lower. Furthermore, the in-sewer dilution will 
change based on changes in the DWF and will be less dilute when DWF is higher. 
Therefore, a fluctuation in DWF ultimately impacts on the concentration of 
contaminants in the sewer overflow and hence in receiving waters. A time of high and 
low DWF was defined and observed in the study.  
 
o Location within the sewer at which the sewer flows are generated. This results in 
different wet weather and dry weather sewer flows and subsequent dilution in the 
sewer and hence receiving waters.  
 
• A quantitative comparison of dilution factors (DFs) for different events or scenarios was 
used to test the significance of the variation in key hydraulic and hydrologic variables on 
predicted MPC concentrations from wet weather sewer overflow. The findings from this 
comparison are as follows: 
 
o A variation in each of the key hydraulic and hydrologic variables (individually) results 
in a change in DF in the MPC (and hence MPC concentrations), generally close to a 
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factor of 1, where 1 signifies no change. Furthermore, for all but the level of DWF 
when the sewer overflow commences, the factor change in DF in the MPC (and 
hence MPC concentrations) is within the same order of magnitude. When compared 
to other wet weather pollution sources such as stormwater run-off, where 
concentrations may vary by up to two orders of magnitude, the factor change in DF 
for each of the key variables appears to be minimal. On the other hand, where 
predicted MPC concentrations from wet weather sewer overflow are close to the 
water quality objective, the factor change in the DFs may be the difference affecting 
whether or not the objective is exceeded. 
 
o Based on a combination of key hydraulic and hydrologic variables, the maximum 
factor change between the lowest and highest DFs in the MPC and hence 
concentrations in the MPC is an order of magnitude. This degree of variation in the 
MPC concentration from wet weather sewer overflow may significantly alter the 
findings relative to the impacts from sewer overflow.   
 
o The level of DWF when the sewer overflow commences (low or high DWF) results in 
the greatest factor change in the DF in the MPC of all the hydraulic variables. In fact, 
this is the only variable (low or high DWF) where the maximum variation in DF and 
hence MPC concentration from sewer overflow is an order of magnitude.   
 
o The concentration of raw sewage is also shown to vary between a time of low and 
high DWF. Hence, in addition to the hydraulic variation, when the variation in raw 
sewage concentrations at low and high DWF is also accounted for, the change in 
predicted concentrations in the MPC was shown to vary by up to two orders of 
magnitude (for faecal indicators). This is much higher than when only the hydraulic 
component is considered.  
 
o Overall, these findings highlight the importance of considering a range of possible 
MPC concentrations due to varying hydrologic and hydraulic conditions and raw 
sewage concentrations. Conclusions drawn on the impacts of wet weather sewer 
overflow based on findings from only one wet weather overflow event or scenario 
omits important information and hence may be inaccurate. 
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Other sources of pollution (in particular stormwater run-off) compounding impacts from wet 
weather sewer overflow  
 
• An analysis of measured ambient water quality data taken from the receiving waterways 
(FMC and MPC) and during a storm event without sewer overflow (indicative of pollution 
from stormwater run-off without any contribution from sewer overflow) revealed the 
following findings:  
 
o Ambient conditions in the MPC overall were quite poor with many contaminants 
exceeding water quality objectives. These included: 
 
 E.coli and enterococci (for primary recreation), orthophosphate, ammonia (at 
some sites), electrical conductivity, pH, aluminium, copper and zinc.   
 
Therefore, particularly relative to these contaminants, the potential ecological and 
public health risks caused by wet weather sewer overflows at the study site may be 
less severe. 
 
o Following the storm event without wet weather sewer overflow the following 
contaminants exceeded both the water quality objectives and also ambient 
concentrations in the MPC;  
 
 E.coli, enterococci, orthophosphate, total phosphorous, total nitrogen, total 
suspended solids, nitrate, and zinc.  
 
Therefore, for these contaminants in particular stormwater pollution (without sewer 
overflow) is likely to have the most significant impact on the MPC. Other metal 
contaminants including copper, lead and aluminium exceeded water quality 
objectives. However it was unclear whether wet weather copper, lead and aluminium 
concentrations exceeded ambient concentrations of these contaminants. Overall, 
these results confirm the assumption that stormwater run-off even without wet 
weather sewer overflow is a major contributor to wet weather pollution in the MPC 
and hence is important to consider in the analysis of risk from sewer overflow.  
 
o Whilst measured concentrations in the MPC highlighted stormwater pollution as a 
contributor of wet weather pollution, stormwater run-off specifically from the FMC 
stormwater drain did not impact on the water quality in the MPC over and above other 
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stormwater inputs upstream of this drain. This indicates a wide degradation of the 
MPC from stormwater pollution. 
 
o Concentrations of contaminants were taken over a 48-hour period following the wet 
weather event and were shown to change with respect to time. Of all the 
contaminants, only E.coli, enterococci, total phosphorous and orthophosphate during 
wet weather were confirmed to exceed water quality objectives and ambient 
concentrations for the entire 48 hours. Hence, a comparison of wet weather 
concentrations with water quality objectives designed for ambient long-term chronic 
conditions will most likely result in impacts from these events being overestimated. 
This also applies to wet weather sewer overflows, which are also intermittent events.   
 
In light of other sources of pollution (in particular stormwater run-off) affecting receiving water 
quality, impacts from wet weather sewer overflow on water quality are presented next under 
Research Question 2, including a direct comparison with concentrations from stormwater 
run-off as part of a risk analysis.  
 
Recommendations 
 
• It is important that measured in-stream concentration data from wet weather sewer 
overflow events be gathered which can be used to confirm the findings in this study. As 
revealed in the research, the likely variation in receiving waterway concentrations 
between sewer overflow events may be up to two orders of magnitude. Therefore, a 
number of wet weather sewer overflow events should be sampled.  
 
• In addition to dilution, the incorporation of other transformation processes of pollutants 
such as degradation or sorption in a model to predict in-stream concentrations from wet 
weather sewer overflow should be researched. Due to the sporadic nature of the overflow 
events and the resulting difficulty in collecting the measured concentration data, a model 
to predict in-stream concentrations appears to be a useful tool. A number of simplifying 
assumptions were made to predict sewer overflow concentrations in the receiving 
waterway using the dilution model which were likely to result in a conservative estimate. 
Further development of this model may improve these estimates.   
 
• Future models developed to predict concentrations of contaminants in receiving 
waterways arising from wet weather sewer overflow should incorporate the variation in 
key hydraulic and hydrologic variables which, as shown by this study, will provide a 
variation in receiving waterway concentration rather than point estimates. 
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• The role of sewer sediments in wet weather sewer overflow concentrations should be 
researched further and potentially also incorporated into a sewer overflow concentration 
model. Other processes occur within the sewer besides dilution and are strongly related 
to sewer sediments. Therefore, research into this area may result in improved estimates 
of receiving waterway concentrations from wet weather sewer overflow. 
 
• Future studies into the impacts of wet weather sewer overflow should consider other 
pollution sources, and in particular stormwater run-off, which may compound impacts 
from sewer overflow.   
 
• Relative to impacts from wet weather sewer overflow, other contaminants not included in 
this study, particularly contaminants that are likely to be predominately from sewage 
sources, should be investigated further. This could include new and emerging 
contaminants such as hormones, which have been shown to be relatively high in sewage 
and following dilution in the waterway may be in a range that is biologically active.   
 
• Rather than a comparison with water quality objectives designed for long-term chronic 
exposure, alternative methodologies for assessing the risk to receiving waters from pulse 
or intermittent events such as stormwater run-off and sewer overflow should be 
researched. This will provide a less conservative estimate of risk than from a comparison 
with ambient water quality guidelines. 
 
Q2. For which contaminants is wet weather sewer overflow the main risk driver in light 
of other wet weather pollution sources, including in particular stormwater? 
 
As part of a tiered risk assessment approach, an initial conservative or worst-case analysis of 
risk was undertaken in order to determine for which contaminants sewer overflow was the 
main source of risk. The level of risk associated with metals and ecosystem health 
contaminants refers primarily to the risk to aquatic ecosystems rather than human health. On 
the other hand, the risk associated with microbiological contaminants in receiving waterways 
as a result of sewer overflow refers to the risk to public health. 
 
Conclusions relative to the impacts of stormwater run-off (without sewer overflow), 
summarised under this question, refer to simulated concentrations in the MPC rather than 
findings from the measured single storm event (discussed under the previous question). 
Findings from risk screening are summarised below:   
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• For most metal and ecosystem health contaminants, predicted concentrations in the MPC 
from wet weather sewer overflow were below the water quality (WQ) objectives, and 
concentrations from stormwater run-off, even under the worst-case conditions. Hence 
they present a low risk from sewer overflow. The contaminants include:  
 
o Total phosphorus, total nitrogen, nitrite, nitrate, electrical conductivity, aluminium, 
antimony, arsenic, beryllium, boron, chromium, cobalt, copper, iron, manganese, 
mercury, molybdenum, nickel, selenium, silver, thallium, tin and vanadium 
 
• For many of the contaminants above, the concentrations in the MPC resulting from sewer 
overflow were also below the ambient concentrations, further supporting a low risk from 
sewer overflow for these contaminants. This was confirmed for:  
 
o Aluminium, arsenic, boron, copper (at most sites), iron, manganese, nickel, total 
phosphorus, total nitrogen, electrical conductivity and the maximum ambient 
concentration of nitrate and nitrite. 
 
• For some contaminants, whilst the concentration from sewer overflow in the MPC did not 
exceed WQ objectives, combined concentrations of sewer overflow and stormwater run-
off exceeded WQ objectives. This was the case for the following contaminants: 
 
o Total nitrogen, aluminium, copper, iron, mercury and silver 
 
However, for the above contaminants, the predicted MPC concentration from stormwater 
run-off (without sewer overflow) was already above the WQ objective. Hence for these 
contaminants the impact of wet weather sewer overflow when compared with stormwater 
run-off is negligible and thus the risk from wet weather sewer overflow remains low.   
 
• A medium risk was associated with orthophosphate, ammonia, cadmium, lead and zinc 
arising in the MPC as a result of wet weather sewer overflow. For all these contaminants, 
predicted concentrations from sewer overflow were above the WQ objective but were still 
below levels from stormwater run-off. Hence, stormwater run-off is the main contributor of 
wet weather pollution in the MPC for these contaminants. Therefore, even if wet weather 
sewer overflows were abated, there would still be an impact relative to these 
contaminants from stormwater run-off. Ambient levels for zinc were above concentrations 
from wet weather sewer overflow. This indicates that this contaminant in particular is less 
critical from wet weather sewer overflow and further supports a medium rather than high 
risk from wet weather sewer overflow.  
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• Predicted levels of E.coli and enterococci in the MPC from wet weather sewer overflow 
were several orders of magnitude above WQ objectives and ambient concentrations and 
were also above those from stormwater run-off. Therefore, wet weather sewer overflow 
rather than stormwater run-off was the main contributor and source of risk of E.coli and 
enterococci and based on worst-case conditions posed a high risk to receiving waters for 
these contaminants. 
 
Earlier indications of the risk screening outcomes presented above were shown from the 
sensitivity analysis conducted for the simulation mass balance model used to predict MPC 
concentrations from stormwater run-off (from the FMC) and wet weather sewer overflow. A 
summary of the findings of the sensitivity analysis is provided below. 
 
• Stormwater run-off from the FMC contributed over 95% to the combined (sewer overflow 
and stormwater run-off) metal concentrations in the MPC. Clearly, stormwater is the main 
risk driver for metal contaminants.   
 
• Stormwater run-off contributed between 73% and 94% to total combined in-stream MPC 
concentrations of ecosystem health contaminants. Therefore, as for metals stormwater is 
the main source of these contaminants.  
 
• Sewer overflow contributed 58% and 77% to combined MPC concentrations of E.coli and 
enterococci respectively. Hence, sewer overflow is the main contributor to these 
contaminants. 
 
The findings of the sensitivity analysis are due to the following factor, which also provides 
some explanation of the risk screening results: 
 
• Due to a smaller discharge volume, contaminants in wet weather sewer overflow undergo 
a much greater dilution in the MPC than the FMC stormwater run-off. Therefore, in order 
for MPC concentrations from sewer overflow to be higher than from FMC stormwater run-
off, concentrations in the wet weather sewer overflow (prior to dilution in the MPC) need 
to be well in excess of those in stormwater run-off. This was only the case for 
microbiological contaminants and was due to the faecal indicator concentrations in raw 
sewage being two orders of magnitude higher than in stormwater run-off. 
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Recommendations 
 
• Further quantitative risk analysis in future studies should focus on the public health risks 
associated with microbiological contaminants in sewer overflow.   
 
• Environmental concern for metals and other ecosystem health stressors investigated in 
the study should rest mostly with stormwater run-off. Therefore, future studies relating to 
the ecosystem health of urban waterways should focus primarily on stormwater run-off 
rather than wet weather sewer overflow. Further studies should concentrate on those 
contaminants, which based on conservative estimates of the risk screening analysis, 
were shown to be of particular concern from stormwater run-off in the receiving 
waterway. These include:  
 
o Total phosphrous, orthophosphate, ammonia, total nitrogen, aluminium, cadmium, 
copper, iron, lead, mercury, silver and zinc. In addition, nitrate and total suspended 
solids, which were identified as a concern from stormwater run-off based on findings 
of the single measured storm event, discussed under Research Question 1. 
 
The findings in this study in relation to stormwater are derived from conservative 
estimates and further studies should test these findings.   
 
• Whilst the focus of ecosystem health should rest primarily with stormwater, for the sake 
of caution, those contaminants which present a medium risk from sewer overflow 
(orthophosphate, ammonia, cadmium, lead and zinc) should be investigated further. 
Collection of measured data at the study site and at other wet weather sewer overflow 
sites could confirm the estimates of concentrations of these contaminants in the receiving 
waterway.  
 
• Further investigation of the risks from cadmium, lead and ammonia from wet weather 
sewer overflow should be undertaken. A comparison of measured and simulated 
stormwater data showed that simulated concentrations of ammonia, cadmium and lead in 
the MPC from stormwater run-off were two orders of magnitude higher than measured 
wet weather MPC concentrations, and hence were potentially over-estimated. Whilst it is 
not likely that this resulted in the risk from sewer overflow being underestimated for these 
contaminants due to the other conservative measures applied, further investigation would 
increase confidence in the risk outcomes for these contaminants. 
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Q3. In addition to water quality, what other variables contribute to the health and 
ecological risks associated with wet weather sewer overflows and what influence do 
they have on risk outcomes? 
 
The initial conservative worst-case analysis of risk focused on water quality as the variable 
contributing to the level of risk from sewer overflow. As part of a more rigorous quantitative 
assessment of the public health risk from microbiological contaminants, a Bayesian network 
(BN) model was developed allowing other variables within the system that may contribute to 
risk to be included as part of a conceptual or graphical model. The risk to five waterway 
values (primary and secondary recreation and irrigation of municipal spaces, human food 
crops and non-food crops) was considered. Variables within the system which may influence 
the risk to the waterway values associated with microbiological contaminants in receiving 
waters include:  
 
• Concentrations of E.coli and enterococci in the receiving waterway as a result of wet 
weather sewer overflow (in-stream E.coli and enterococci). Concentrations of E.coli 
and enterococci assist in determining whether adverse health effects will occur from the 
hazards or pathogens present in the sewer overflow. The in-stream rather than sewer 
overflow concentration is most important, as it is in the receiving stream that the 
waterway values will be impacted by the sewer overflow. 
 
• Likelihood of people using the waterway (waterway use) for the different purposes or 
waterway values. Sewer overflow events often discharge into degraded urban waterways 
where the waterway may not be heavily used. For there to be a risk to human health, 
contact with the contaminated waters is required. Hence, the waterway needs to be used 
for the specific purpose.  
 
• Frequency of wet weather overflow (wet weather overflow). In order for E.coli and 
enterococci to be present in the waterway as a result of wet weather sewer overflow, the 
overflow first needs to occur. The waterway will not always be contaminated from wet 
weather sewer overflow as overflows occur intermittently. Hence, in addition to the 
waterway use, the frequency of wet weather overflow is also critical in establishing 
contact with the contaminated waters and thus risk. 
 
The sensitivity analysis function of the BN allowed the above variables to be ranked in terms 
of their relative influence on risk outcomes for the receiving waterway. The results of the 
sensitivity analysis showed that: 
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• Based on the current knowledge of the study site, all variables summarised above had 
some influence on risk outcomes. However, waterway use had the most influence on risk 
outcomes for all waterway values, with the exception of primary recreation. In-stream 
concentrations of enterococci resulting from wet weather sewer overflow had the greatest 
influence on risk outcomes for primary recreation.  
 
In addition to sensitivity analysis, by the application of probabilistic inference (scenario 
analysis), different situations or scenarios were explored using the BN model to provide an 
indication of the degree to which variables will impact on or influence the risk outcomes for 
the waterway values at the study site. In particular, special attention was given to how 
effective various sewer overflow management options, which directly relate to the parent 
variables (wet weather sewer overflow, waterway use and in-stream E.coli and enterococci 
concentrations), are in reducing the risk to waterway values at the study site. The scenario 
analysis function of the BN model allowed the secondary aim of the research to be satisfied, 
which was essentially to provide information relating to the risks from wet weather sewer 
overflow in a manner which enhances the water retailer’s decision-making processes in 
relation to management of these overflows. The findings of the scenario analysis are 
summarised below. 
 
• A decrease in the likelihood that the waterway will be used at the study site also resulted 
in a decrease in risk to all waterway values. However, for most waterway values the 
same risk level is predominant as those in the prior BN (before a decrease in the 
probability of waterway use). Therefore, measures introduced at the study site to reduce 
waterway use or access would not result in a change to the predominant level of risk. 
This is mainly due to an already low probability of using the waterway at the study site, 
which for most waterway values had the most certainty of being remote or unlikely. 
 
• With an increased certainty of waterway use, the level of risk increases, and the level of 
risk which has the greatest certainty can change on this basis. Hence, the influence of 
waterway use on the risk to waterway values at the study site, which had the most 
influence of all the waterway values, is associated with its ability to increase the risk by 
an increase in its own probability. 
 
• At the study site, the same level of risk posed to most waterway values predominated, 
whether wet weather overflow occurred as a result of storms with 1, 5 or 10 year average 
recurrence intervals (ARI). Therefore, in terms of the study site there would be almost no 
benefit in reducing risk outcomes by upgrading the capacity of the sewer system to 
comply with the 1 in 5 year sewer flow containment standard, which is currently a 
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requirement under the State Environment Protection Policy (Waters of Victoria) 2003 
(SEPP (WoV, 2003)). This was largely due to the probability of waterway use being low 
at the study site, which meant that the likelihood of waterway users coming into contact 
with contaminated waters remained low, regardless of the frequency of sewer overflow.  
 
• A reduction in in-stream MPC faecal indicator (E.coli or enterococci) concentrations 
resulting from wet weather sewer overflow at the study site would significantly reduce the 
risk to municipal spaces, human food crops and primary recreation with a change in the 
predominant level of risk. This may involve treatment of wet weather sewer overflow to 
enable lower in-stream MPC levels. On the other hand, minimal difference in risk to 
secondary recreation and non-food crops would be achieved by treatment of the 
overflow, which would remain mainly low, regardless of the E.coli levels at the study site. 
Therefore, of all the variables, management options relating to a reduction in faecal 
indicator concentrations such as treatment of sewer overflow are likely to result in the 
greatest decrease in risk to primary recreation, municipal spaces and human food crops 
at the study site. 
 
• Risk outcomes at the study site based on wet weather sewer overflow occurring as a 
result of a 10 and 5 year storm were almost identical. This highlights some insensitivity in 
the approach used to assign the risk levels (risk ranking methods). However, it also 
points to the insignificance of the difference between the likelihood of contact with 
contaminants and therefore risk from wet weather overflow arising from 5 and 10 year 
events. 
 
Recommendations 
 
• In assessing the public health risk associated with wet weather sewer overflow, the 
following variables should be included; the concentration of faecal indicators in receiving 
waterways (resulting from sewer overflow), the likelihood of using the waterway, and the 
frequency of wet weather sewer overflow. The requirement to contain flows associated 
with a storm event with an ARI of 5 years under the SEPP (WoV, 2003) in Victoria, 
Australia implies that the risk to waterways is primarily a result of the frequency of sewer 
overflow. A shift away from focusing on the frequency of wet weather overflow has 
implications, not only for assessing the level of risk, but for how the risk is reduced or 
managed. For instance, other variables (faecal indicator concentration and waterway 
use) represent areas where actions could be employed to reduce risk, rather than 
focusing on abating sewer overflow frequency, which is the focus of the SEPP (WoV, 
2003).  
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• To reduce the uncertainty in the risk outcomes from the BN model, further data collection 
at the study site should be targeted to in-stream MPC enterococci concentrations and 
waterway use in the MPC. This could include collecting measured data in the waterway 
following sewer overflow, rather than relying solely on predicted levels which have been 
used in this research. Furthermore, surveys of the waterway use in the area of the study 
site could be conducted, rather than relying on more generic information as was done in 
this study. 
 
• Further studies of the public health benefits of achieving the 1 in 5 year sewer flow 
containment requirement should be undertaken, particularly in catchments where 
conditions are similar to those of the study site. 
 
• Management actions relating to reducing faecal indicator levels, such as treating sewer 
overflow, should be explored further for the study site. This action will reduce risk most at 
the study site, as opposed to sewer augmentation and restricting waterway use. 
However, it would be important to determine whether the risk to waterway values which 
was mainly low or medium was in fact unacceptable and hence requires action. As 
already mentioned in earlier chapters, determining the acceptability of risk was outside 
the scope of this study. 
 
• Consideration should be given to providing a degree of uncertainty in the risk level 
assigned, rather than a deterministic level through risk ranking methods. This will 
increase the sensitivity of the BN model to very small differences in risk that may result 
from different scenarios, and in particular from wet weather sewer overflows occurring as 
a result of 5 and 10 year events. 
 
Q4. What is the level of ecological and human health risk associated with wet weather 
sewer overflows discharging into freshwater urban streams? 
 
This research question embodies the main aim of the research and was addressed through a 
tiered risk assessment approach. Conclusions relative to ecological risks associated with 
metal and ecosystem health contaminants were discussed under Research Question 2. As 
mentioned under Research Question 3 for microbiological contaminants arising from wet 
weather sewer overflow, which were highlighted as high risk as a result of initial screening, a 
BN was developed to perform a more detailed risk analysis. The findings resulting from the 
BN model relative to the public health risks associated with microbiological contaminants as 
a result of wet weather sewer overflow in the MPC are summarised below. 
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• A medium risk to primary recreation, municipal spaces and human food crops has the 
highest probability, and therefore provides the best indication of the level of risk to these 
waterway values at the study site. A low risk to secondary recreation and non-food crops 
has the highest probability, and therefore is the most likely level of risk posed to these 
two waterway values. Overall, the risk to municipal spaces was the highest and hence 
most critical, and the risk to non-food crops was the lowest of all the waterway values.   
 
• The low probability of high-risk outcomes for all of the waterway values at the study site is 
largely due to a low probability of the waterway being used for any of these purposes. 
Hence, the risk outcomes for the study site highlight that a non-compliant sewerage 
catchment under the SEPP (WoV, 2003) may not necessarily present a high public health 
risk, when in addition to the frequency of wet weather sewer overflow, other variables are 
considered.  
 
Through the application of probabilistic inference (scenario analysis), the BN model was 
used to identify ‘hotspot’ or ‘worst-case’ sites where conditions are such that the highest risk 
to waterway values is produced. This further highlighted how the BN can be used to 
represent other sites or situations, and in particular to identify priority sites for attention, thus 
aiding decision-making in relation to management of these overflows. For the worst-case 
site, the effectiveness of various management options in reducing risk outcomes was also 
explored through scenario analysis. Findings relative to the worst-case sites are summarized 
below.   
 
• A worst-case scenario which will result in the highest possible risk outcomes for a site 
includes: 
 
o Wet weather sewer overflow occurring as a result of a storm with an ARI of 1 year 
 
o The probability of using the waterway for each waterway value being almost 
certain, and  
 
o E.coli and enterococci concentrations of at least 104-105 orgs/100ml and > 500 
orgs/100ml respectively in the receiving waterway as a result of wet weather sewer 
overflow.   
 
• The risk outcomes for each of the waterway values generated from the BN model for the 
worst-case scenario resulted in a 100% probability of a high risk outcome for most 
waterway values. The exception is the risk to non-food crops, which was 100% medium. 
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• Of the non-compliant sewer overflows under the SEPP (WoV, 2003), the BN model 
showed that sewerage catchments which overflow in 1 year rather than 5 year events are 
a high priority as only they will result in high risk outcomes. 
 
• Restricting access following wet weather sewer overflow at worst-case sites will 
significantly reduce the level of risk with a change in the predominant level of risk. 
 
• At worst-case sites where the sewer overflows in 1 year storms, a significant reduction in 
risk, particularly for secondary recreation, will occur if the hydraulic capacity of the sewer 
is upgraded. However, whether the sewer is upgraded so that it contains flows 
associated with storms with an ARI of 1 year but less than 5 years or contains flows 
associated with storms with an ARI of 5 years but less than 10 years will make no 
difference to the risk to waterway values, as an overflow resulting from 5 or 10 year 
storms produces a similar level of risk 
 
• At the worst-case or hotspot sites the reduction in risk due to a decrease in E.coli and 
enterococci was even more significant for primary recreation, municipal spaces and 
human food crops than at the study site, and also produced a greater reduction in risk 
than management options relating to wet weather overflow and waterway use variables. 
Unlike at the study site, at the worst-case site a decrease in E.coli and enterococci 
concentrations also resulted in a significant reduction in the risk to secondary recreation 
and non-food crops with a change in the predominant level of risk.   
 
• At the hotspot site, combining management options relating to sewer augmentation, 
restricting waterway use or access and reduction of E.coli and enterococci levels will not 
reduce the level of risk to waterway values any further than if only one of these options 
was implemented. However, by combining these management options, the concentration 
of E.coli and enterococci which will result in low risk outcomes for primary recreation and 
human food crops and medium risk outcomes for municipal spaces is higher than when 
only the E.coli and enterococci concentrations are reduced. Therefore, the wet weather 
sewer overflow would not need to be treated to the same degree when other 
management options are implemented. 
 
• Overall, management options to reduce risks at these hotspot or worst-case sites were 
shown to be more effective than for the study site, with a reduction in the predominant 
level of risk to all waterway values. On the other hand, at the study site following various 
management options the predominant level of risk remained almost the same (except 
following a reduction in the faecal indicator concentrations). 
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Recommendations: 
 
• In future assessments of public health risks from wet weather sewer overflow, the full 
range of waterway values relevant to a particular site should be examined. It was shown 
clearly that the risk may be different for each waterway value in the model. Therefore, 
incorporating this factor into risk assessment will ensure the difference in risk is captured. 
If only one waterway value is considered, risk outcomes may miss higher risks 
associated with certain waterway values.   
 
• Sites which are likely to pose a high public health risk should be deemed hotspot sites 
and given priority for action. This includes sites where the sewer cannot contain flows 
associated with storms with an ARI of 1 year, high receiving waterway concentrations of 
E.coli and enterococci resulting from wet weather sewer overflow, and a high probability 
that the waterway will be used for the various purposes of waterway values. Priority given 
to these sites will produce the greatest reduction in public health risk outcomes.  
 
• First and foremost, further studies of the benefits of reducing microbiological 
contaminants as opposed to sewer augmentation to achieve compliance with the SEPP 
(WoV, 2003) 1 in 5 year sewer flow containment standard should be undertaken. 
Secondly, further studies of the benefits of restricting waterway use as an alternative to 
sewer augmentation should also be undertaken. These studies should focus on hotspot 
sites which are likely to result in high public health risks. By including management 
options other than sewer augmentation, which is currently a requirement under the SEPP 
(WoV, 2003), a greater reduction in risk may be achieved.  
 
• A utility function for the BN model should be introduced. The utility function provides a 
means whereby the satisfaction of achieving various sewer overflow management 
actions can be measured. This will allow other issues besides public health risk, such as 
cost, and other social or environmental considerations important to responsible 
authorities, to be incorporated into the decision-making process in managing sewer 
overflow. These were beyond the scope of the present study.  
 
• Further studies should be undertaken into the public health benefits of achieving the 1 in 
5 year sewer flow containment requirement compared to more relaxed benchmarks, such 
as a 1 year ARI. Based on the findings of this study, high-risk outcomes are not likely 
based on wet weather sewer overflow occurring in storms with ARIs greater than 1 year. 
Further studies on this specific topic would shed further light on this issue, and may lead 
to a review of the SEPP (WoV, 2003) sewer flow containment standard. 
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APPENDIX A 
RAW SEWAGE SUMMARY STATISTICS AT HIGH AND LOW DWF 
 
Table A1 Summary statistics calculated for raw sewage data at low DWF 
 
Contaminants Units 
Number of 
samples 
Percent not 
detected (%) 
Mean 
Standard Error  
Mean 
Standard 
Deviation 
Minimum 
25
th
 
PCL 
Median 
75
th
 
PCL 
Maximum 
95
th 
PCL 
Aluminium mg/L 9 0 0.2208 0.0549 0.1647 0.063 0.097 0.14 0.425 0.46 0.448 
Antimony mg/L 9 100    <0.005    <0.005  
Arsenic mg/L 9 22 0.00131 0.00021 0.000629 <0.0002 0.0009 0.0015 0.00172 0.0022 0.0022 
Beryllium mg/L 9 100    <0.005    <0.005  
Boron mg/L 9 0 0.0839 0.0132 0.0397 0.036 0.0485 0.073 0.115 0.15 0.138 
Cadmium mg/L 9 55 0.00023 0.000026 7.7E-05 <0.0002  0.0002 0.0002 0.0004 0.0004 
Chromium mg/L 9 100    <0.005    <0.005  
Cobalt mg/L 9 100    <0.005    <0.005  
Copper mg/L 9 0 0.06311 0.00302 0.00906 0.051 0.056 0.062 0.07 0.08 0.0768 
Iron mg/L 9 11 0.18 0.019 0.058 <0.1 0.13 0.19 0.21 0.29 0.29 
Lead mg/L 9 0 0.002367 0.000209 0.000628 0.0019 0.0019 0.002 0.00295 0.0035 0.00342 
Manganese mg/L 9 0 0.02278 0.00165 0.00494 0.017 0.018 0.021 0.028 0.03 0.0296 
Mercury mg/L 9 100    <0.001    <0.001  
Molybdenum mg/L 9 100    <0.005    <0.005  
Nickel mg/L 9 100    <0.005    <0.005  
Selenium mg/L 9 100    <0.005    <0.005  
Silver mg/L 9 100    <0.005    <0.005  
Thallium mg/L 9 100    <0.005    <0.005  
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Table A1 (Cont.) 
Contaminants Units 
Number of 
samples 
Percent not 
detected (%) 
Mean 
Standard 
Error  Mean 
Standard 
Deviation 
Minimum 25
th
 PCL Median 75
th
 PCL Maximum 
95
th 
PCL 
Tin mg/L 9 67 0.0036 0.00113 0.0034 0.000581 0.00111 0.00224 0.0057 0.011 0.011 
Vanadium mg/L 9 100    <0.005    <0.005  
Zinc mg/L 9 0 0.07756 0.00689 0.02066 0.055 0.059 0.07 0.0985 0.11 0.106 
E.coli 
orgs/ 
100ml 
9 0 6266667 645497 1936492 3600000 4250000 7300000 7900000 8700000 8500000 
Enterococci 
orgs/ 
100ml 
9 0 597778 83296 249889 220000 400000 610000 820000 980000 916000 
Total dissolved 
solids 
mg/L 9 0 286.67 8.5 25.5 260 265 280 310 330 326 
Orthophosphate mg/L 9 0 16.39 3.65 10.95 0.5 10.5 13 26.5 35 33.4 
Ammonia mg/L 9 0 44.67 2.71 8.14 31 38 46 50.5 56 54 
Total nitrogen mg/L 9 0 53.11 2.88 8.64 39 45 55 60.5 64 63.2 
Total 
phosphorous 
mg/L 9 0 9.118 0.35 1.051 7.56 8.385 9 9.88 11 10.72 
Nitrite mg/L 9 100    <0.5    <0.5  
Nitrate mg/L 9 100    <0.5    <0.5  
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Table A2 Summary statistics calculated for raw sewage data at high DWF 
Contaminants 
 
Units 
Number of 
samples 
Percent not 
detected (%) 
Mean 
Standard 
Error 
Mean 
Standard 
Deviation 
Minimu
m 
25
th
 PCL Median 75
th
 PCL Maximum 
95
th 
PCL 
Aluminium mg/L 9 11 0.32 0.0823941 0.25 <0.005 0.24 0.24 0.4 0.87 0.87 
Antimony mg/L 9 100 
   
<0.005 
   
<0.005 
 
Arsenic mg/L 9 22 0.0012593 0.0002297 0.0006891 <0.0002 0.000809 0.0012 0.0016 0.0024 0.0024 
Beryllium mg/L 9 100 
   
<0.005 
   
<0.005 
 
Boron mg/L 9 11 0.078 0.0136572 0.041 <0.005 0.058 0.065 0.078 0.15 0.15 
Cadmium mg/L 9 44 0.00021 0.0000117 3.5E-05 <0.0002 - 0.0002 0.0002 0.0003 0.0003 
Chromium mg/L 9 100 
   
<0.005 
   
<0.005 
 
Cobalt mg/L 9 100 
   
<0.005 
   
<0.005 
 
Copper mg/L 9 11 0.066 0.0053095 0.016 <0.005 0.053 0.065 0.076 0.089 0.089 
Iron mg/L 9 0 0.2666 0.0327 0.0981 0.136 0.1865 0.275 0.337 0.444 0.4108 
Lead mg/L 9 0 0.002278 0.000264 0.000792 0.0006 0.00205 0.0023 0.00265 0.0036 0.00324 
Manganese mg/L 9 11 0.031 0.0034253 0.01 <0.005 0.023 0.025 0.042 0.046 0.046 
Mercury mg/L 9 100 
   
<0.001 
   
<0.001 
 
Molybdenum mg/L 9 100 
   
<0.005 
   
<0.005 
 
Nickel mg/L 9 100 
   
<0.005 
   
<0.005 
 
Selenium mg/L 9 100 
   
<0.005 
   
<0.005 
 
Silver mg/L 9 100 
   
<0.005 
   
<0.005 
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Table A2 (Cont.) 
Contaminants Units 
Number 
of 
samples 
Percent 
not 
detected 
(%) 
Mean 
Standard 
Error 
Mean 
Standard 
Deviation 
Minimum 25
th
 PCL Median 75
th
 PCL Maximum 
95
th 
PCL 
Thallium mg/L 9 100 
   
<0.005 
   
<0.005 
 
Tin mg/L 9 67 0.0046 0.00039 0.0012 0.003102 0.003668 0.004419 0.00565 0.0067 0.0067 
Vanadium mg/L 9 100 
   
<0.005 
   
<0.005 
 
Zinc mg/L 9 11 0.100 0.0129254 0.039 <0.005 0.063 0.091 0.13 0.16 0.16 
E.coli 
orgs/ 
100ml 
9 0 14000000 1201850 3605551 10000000 11500000 13000000 17000000 20000000 20000000 
Enterococci 
orgs/ 
100ml 
9 0 2747778 1413479 4240436 550000 1090000 1400000 1850000 14000000 9200000 
Total dissolved 
solids 
mg/L 9 0 333.33 9.72 29.15 290 305 340 355 380 372 
Orthophosphate mg/L 9 0 20.88 3 9 6.9 14.5 20 29 34 33.6 
Ammonia mg/L 9 0 62.67 7.63 22.89 28 43 64 87 90 89.2 
Total nitrogen mg/L 9 0 74.67 7.6 22.8 37 57 68 97 98 97.6 
Total 
phosphorous 
mg/L 9 0 11.591 0.712 2.136 8.52 9.6 11.2 13.7 14 13.92 
Nitrite mg/L 9 100 
   
<0.5 
   
<0.5 
 
Nitrate mg/L 9 100 
   
<0.5 
   
<0.5 
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APPENDIX B 
SUMMARY STATISTICS FOR AMBIENT MPC WATER SAMPLES 
 
Table B1- Ambient summary statistics computed for the downstream site 
Contaminants Units 
Number of 
samples 
Percent 
not 
detected 
(%) 
Mean 
Standard 
error mean 
Standard 
deviation 
Minimum 25
th
 PCL Median 75
th
 PCL Maximum 
95
th
  
PCL 
Arsenic mg/L 4 50 0.00225 0.0003062 0.0006124 <0.001 * 0.002 0.003 0.003 0.003 
Cadmium mg/L 4 100 
   
<0.0002 
   
<0.001 
 
Chromium mg/L 4 75 
   
<0.001 
   
<0.01 
 
Copper mg/L 4 50 0.00367 0.0030792 0.0061584 0.001 0.001 0.001 0.009 <0.01 0.009 
Lead mg/L 4 100 
   
<0.001 
   
<0.01 
 
Mercury mg/L 4 100 
   
<0.0001 
   
<0.001 
 
Nickel mg/L 4 50 0.003 0.001 0.002 0.002 0.002 0.004 0.004 <0.01 0.004 
Zinc mg/L 4 0 0.0175 0.00357 0.00714 0.01 0.01125 0.0165 0.02475 0.027 0.0257 
E.coli orgs/100ml 4 0 1294 260 519 770 854 1203 1825 2000 
 
Enterococci orgs/100ml 4 0 156.3 86.9 173.7 20 28 101 340 403.3 
 
Orthophosphate mg/L 4 0 0.07 0.0351 0.0608 0.03 0.03 0.04 0.14 0.14 
 
Ammonia mg/L 4 0 0.01233 0.00384 0.00666 0.008 0.008 0.009 0.02 0.02 
 
Total nitrogen mg/L 4 0 0.867 0.145 0.252 0.6 0.6 0.9 1.1 1.1 
 
Total phosphorous mg/L 4 25 0.095 0.037687 0.0188435 0.05 0.05 0.07 0.2 0.2 
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Table B1 (Cont.) 
Contaminants Units 
Number 
of 
samples 
Percent not 
detected 
(%) 
Mean 
Standard 
error mean 
Standard 
deviation 
Minimum 
25
th
 
PCL 
Median 
75
th
 
PCL 
Maximum 
95
th
  
PCL 
Nitrite mg/L 3 67 
   
<0.01 
   
0.01 
 
Nitrate mg/L 3 33 0.17 0.0472582 0.027317 <0.01 
 
0.15 0.26 0.26 
 
Electrical conductivity µS/cm 4 0 1616 433 866 730 885 1468 2494 2797 
 
pH pH units 4 0 8.888 0.385 0.769 8.227 8.329 8.663 9.673 10 
 
Total suspended 
solids 
mg/L 4 25 4.875 1.49413 0.747065 <5 3 4 9 9 
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Table B2- Ambient summary statistics computed for the Five Mile Creek site 
Contaminants Units 
Number 
of 
samples 
Percent 
not 
detected 
(%) 
Mean 
Standard 
error 
mean 
Standard 
deviation 
Minimum 
25
th
 
PCL 
Median 
75
th
 
PCL 
Maximum 
95
th
  
PCL 
Arsenic mg/L 4 0 0.00225 0.00025 0.0005 0.002 0.002 0.002 0.00275 0.003 0.0029 
Cadmium mg/L 4 100 
   
<0.0002 
   
<0.001 
 
Chromium mg/L 4 75 
   
<0.001 
   
<0.01 
 
Copper mg/L 4 25 0.0041 0.001563 0.0031262 0.001 0.001 0.0053 0.006 <0.01 0.006 
Lead mg/L 4 75 
   
<0.001 
   
<0.01 
 
Mercury mg/L 4 100 
   
<0.0001 
   
<0.001 
 
Nickel mg/L 4 50 0.0035 0.0005 0.001 0.003 0.003 0.004 0.004 <0.01 0.004 
Zinc mg/L 4 0 0.0572 0.0189 0.0378 0.012 0.019 0.063 0.0895 0.0906 0.0899 
E.coli orgs/100ml 4 0 823 694 1388 41 55 176 2238 2900 
 
Enterococci orgs/100ml 4 0 757 402 805 52 61 688 1523 1600 
 
Orthophosphate mg/L 4 0 0.0467 0.0133 0.0231 0.02 0.02 0.06 0.06 0.06 
 
Ammonia mg/L 4 0 0.221 0.175 0.303 0.033 0.033 0.059 0.57 0.57 
 
Total nitrogen mg/L 4 0 0.83 0.145 0.252 0.6 0.6 0.8 1.1 1.1 
 
Total phosphorous mg/L 4 25 0.2725 0.152664 0.076332 <0.1 0.13 0.13 0.73 0.73 
 
Nitrite mg/L 3 0 0.213 0.188 0.326 0.02 0.02 0.03 0.59 0.59 
 
Nitrate mg/L 3 33 0.54 0.611991 0.47076 <0.01 
 
0.01 0.6 1.6 
 
Electrical conductivity µS/cm 4 0 244.1 10.3 20.5 215 222.5 249.9 259.8 261.5 
 
pH pH units 4 0 7.603 0.194 0.388 7.292 7.334 7.475 8 8.17 
 
Total suspended solids mg/L 4 25 7.5 2.88856 1.44428 <5 3 10 14 14 
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Table B3- Ambient summary statistics computed for the upstream-1 site 
Contaminants Units 
Number 
of 
samples 
Percent 
not 
detected 
(%) 
Mean 
Standard 
error 
mean 
Standard 
deviation 
Minimum 
25
th
 
PCL 
Median 75
th
 PCL Maximum 
95
th
  
PCL 
Arsenic mg/L 4 25 0.00175 0.0005078 0.0010156 <0.001 0.001 0.002 0.003 0.003 0.003 
Cadmium mg/L 4 100 
   
<0.0002 
   
<0.001 
 
Chromium mg/L 4 75 
   
<0.001 
   
<0.01 
 
Copper mg/L 4 75 
   
<0.001 
   
<0.01 
 
Lead mg/L 4 100 
   
<0.001 
   
<0.01 
 
Mercury mg/L 4 100 
   
<0.0001 
   
<0.001 
 
Nickel mg/L 4 50 0.003 0.001 0.002 0.002 0.002 0.004 0.004 <0.01 0.004 
Zinc mg/L 4 25 0.0169 0.0074807 
 
0.006 0.006 0.02 0.0356 0.0356 0.0356 
E.coli orgs/100ml 4 0 183.8 48.5 97 52 81.5 211.7 258.3 260 
 
Enterococci orgs/100ml 4 25 80.25 56.9508 28.4754 <10 20 41 250 250 
 
Orthophosphate mg/L 4 0 0.0667 0.0273 0.0473 0.03 0.03 0.05 0.12 0.12 
 
Ammonia mg/L 4 0 0.134 0.0748 0.1296 0.012 0.012 0.12 0.27 0.27 
 
Total nitrogen mg/L 4 0 0.933 0.176 0.306 0.6 0.6 1 1.2 1.2 
 
Total phosphorous mg/L 4 0 0.125 0.0456 0.0911 0.07 0.07 0.085 0.22 0.26 
 
Nitrite mg/L 3 67 
   
<0.01 
   
0.01 
 
Nitrate mg/L 3 100 
   
<0.01 
   
<0.01 
 
Electrical conductivity µS/cm 4 0 1701 444 887 755 940 1579 2585 2893 
 
pH pH units 4 0 8.941 0.44 0.88 8.154 8.276 8.705 9.842 10.2 
 
Total suspended solids mg/L 4 25 5.25 2.00195 1.000975 <5 2 8 9 9 
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Table B4- Ambient summary statistics computed for the upstream-2 site 
Contaminants Units 
Number 
of 
samples 
Percent 
not 
detected 
(%) 
Mean 
Standard 
error 
mean 
Standard 
deviation 
Minimum 25
th
 PCL Median 
75
th
 
PCL 
Maximum 
95
th
  
PCL 
Arsenic mg/L 4 0 0.002075 0.00035 0.000699 0.0013 0.001475 0.002 0.0028 0.003 0.0029 
Cadmium mg/L 4 100 
   
<0.0002 
   
<0.001 
 
Chromium mg/L 4 75 
   
<0.001 
   
<0.01 
 
Copper mg/L 4 50 0.00325 0.002756 0.0055114 0.001 0.001 0.001 0.01 0.01 0.01 
Lead mg/L 4 100 
   
<0.001 
   
<0.01 
 
Mercury mg/L 4 100 
   
<0.0001 
   
<0.001 
 
Nickel mg/L 4 50 0.003 0.001 0.002 0.002 0.002 0.004 0.004 <0.01 0.004 
Zinc mg/L 4 25 0.01975 0.004139 
 
<0.01 0.013 0.026 0.027 0.027 0.027 
E.coli orgs/100ml 4 0 173 51.1 102.2 74 80 169 270 280 
 
Enterococci orgs/100ml 4 25 99.668 80.9414 40.4707 <10 10 52 326.67 327 
 
Orthophosphate mg/L 4 0 0.05 0.0208 0.0361 0.02 0.02 0.04 0.09 0.09 
 
Ammonia mg/L 4 0 0.02333 0.00601 0.01041 0.015 0.015 0.02 0.035 0.035 
 
Total nitrogen mg/L 4 0 1.517 0.585 1.17 0.8 0.85 1 2.7 3.267 
 
Total phosphorous mg/L 4 25 0.08375 0.020151 0.0100754 0.06 0.06 0.07 0.14 0.14 
 
Nitrite mg/L 3 67 
   
<0.01 
   
0.01 
 
Nitrate mg/L 3 100 
   
<0.01 
   
<0.01 
 
Electrical conductivity µS/cm 4 0 1660 395 790 761 959 1596 2426 2687 
 
pH pH units 4 0 8.734 0.208 0.417 8.246 8.326 8.745 9.132 9.2 
 
Total suspended solids mg/L 4 25 5.75 2.53876 1.26938 <5 2 7 12 11 
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APPENDIX C 
COMPARISON OF MEASURED RAW SEWAGE CONCENTRATION 
DATA WITH PUBLISHED DATA 
 
Table C1 Comparison of measured raw sewage concentration data with minimum and 
maximum raw sewage concentrations reported in Connor and Wilkie (1995)  
Contaminant  
Connor and 
Wilkie (1995) 
minimum  
concentration 
(µg/L) 
Connor and 
Wilkie (1995) 
maximum  
concentration 
(µg/L) 
Measured 
low DWF 
median 
concentration 
(µg/L) 
Measured 
high DWF 
median 
concentration 
(µg/L) 
Aluminium 60 1560 140 240 
Antimony <1 <1 <0.005 <0.005 
Arsenic <1 4 1.5 1.2 
Barium 2 90 16 20 
Beryllium <1 <1 <0.005 <0.005 
Boron 10 860 73 65 
Cadmium <0.2 1 0.2 0.2 
Chromium <1 8 <0.005 <0.005 
Cobalt <1 3 <0.005 <0.005 
Copper  35 97 62 65 
Iron <50 1770 190 275 
Lead 4 31 2 2.3 
Manganese 17 82 21 25 
Mercury <0.5 <0.5 <0.001 <0.001 
Molybdenum <1 1 <0.005 <0.005 
Nickel <1 10 <0.005 <0.006 
Selenium <10 <10 <0.005 <0.007 
Silver <1 3 <0.005 <0.008 
Strontium 30 75 38 42 
Thallium <1 <1 <0.005 <0.005 
Tin <1 11 2.24 4.419 
Vanadium <10 <10 <0.005 <0.005 
Zinc 52 372 70 91 
Ammonia 12000 73000 46000 64000 
Total Nitrogen 24000 114000 55000 68000 
Total Phosphorous 2000 16000 9000 11200 
Total Dissolved Solids 124000 596000 280000 340000 
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APPENDIX D 
WATER QUALITY OBJECTIVES 
 
Table D1 Water quality objectives for metal contaminants 
Contaminant Units 
ANZECC (2000) 
(95% aquatic species 
protection) 
SEPP (WOV, 2003) 
Schedule F7. Waters 
of the Yarra 
Catchment 
Aluminium mg/L 0.055 0.1 pH>6.5 
Antimony mg/L 0.009* 
 
Arsenic mg/L 0.024 0.05 
Beryllium mg/L 0.00013* 0.004 
Boron mg/L 0.37 
 
Cadmium mg/L 0.0002 0.0002 
Chromium mg/L 0.001 0.01 
Cobalt mg/L 0.0014* 
 
Copper mg/L 0.0014 0.002 
Iron mg/L 0.3* 1 
Lead mg/L 0.0034 0.001 
Manganese mg/L 1.9 
 
Mercury mg/L 0.0006 0.00005 
Molybdenum mg/L 0.034* 
 
Nickel mg/L 0.011 0.015 
Selenium mg/L 0.005 0.005 
Silver mg/L 0.00005 0.0001 
Thallium mg/L 0.00003* 
 
Tin mg/L 0.003* 
 
Vanadium mg/L 0.006* 
 
Zinc mg/L 0.008 0.005 
*Indicates ANZECC (2000) low reliability trigger value 
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Table D2 Water quality objectives for ecosystem health stressors 
Contaminant Units 
ANZECC 
(2000) (95% 
aquatic 
species 
protection) 
SEPP (WoV, 
2003) 
Schedule F7. 
Waters of the 
Yarra 
Catchment 
ANZECC 
(2000) 
(recreation-
protection of 
human 
health) 
SEPP (WoV, 
2003) 
Total 
phosphorous 
mg/L 0.05 0.1 
  
Orthophosphate mg/L 0.02 
   
Total nitrogen mg/L 0.5 1 
  
pH pH units 6.6-8 6-8.5 
  
Total 
suspended 
solids  
mg/L 
 
<25 
  
Nitrite mg/L 
  
1 
 
Nitrate mg/L 0.7 
   
Ammonia mg/L 0.9 0.02-0.03 
  
Electrical 
conductivity 
(75th PCL) 
µS/cm 
   
≤500 
 
 
Table D3 Water quality objectives for microbiological contaminants 
Contaminant Units 
SEPP (WoV, 2003) 
(Primary recreation-
protection of human 
health) 
SEPP (WoV, 2003)      
(Secondary recreation-
protection of human 
health) 
E.coli (50th PCL) orgs/100ml 150 1000 
Enterococci (50th PCL) orgs/100ml 35 230 
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APPENDIX E 
SEWER, SEWER OVERFLOW AND STREAM FLOW HYDROGRPAHS 
 
 
Figure E1 Sewer flows for 10 year 48 hour storm event when sewer overflow commences at 
high DWF (denoted by red vertical line), which is well prior to the peak WWF in the sewer.  
 
 
 
Figure E2 ERS overflow for 10 year 30 minute storm (sewer overflow starts at high DWF), 
showing the largest peak overflow rate for ERS 97.  
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Figure E3 ERS overflow for 5 year 30 minute storm (sewer overflow starts at high DWF), 
showing the largest peak overflow rate for ERS 97.  
 
 
 
Figure E4 Flows in the MPC for the 1 year 6 hour storm when sewer overflow starts at high 
DWF (denoted by red vertical line), which is before MPC stream flows increase above low 
flow. 
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APPENDIX F 
DILUTION FACTORS AT EACH STAGE OF THE WET WEATHER 
SEWER OVERFLOW EVENT 
 
 
Figure F1 Dilution factors in the sewer (SEWDF) at FIV 37 manhole for 1 year, 5 year and 10 
year storms (when sewer overflow commences at low and high DWF) 
 
 
 
Figure F2 Dilution factors in the sewer (SEWDF) at FIV 7 manhole for 1 year, 5 year and 10 
year storms (when sewer overflow commences at low and high DWF) 
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Figure F3 Dilution factors in the FMC (FMCDF) representing the dilution of sewer overflow 
contaminants in the FMC for 1 year, 5 year and 10 year storms (when sewer overflow 
commences at high DWF) 
 
 
 
Figure F4 Dilution factors in the FMC (FMCDF) representing the dilution of sewer overflow 
contaminants in the FMC for 1 year, 5 year and 10 year storms (when sewer overflow 
commences at low DWF) 
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Figure F5 Dilution factors in the MPC (MPCDFFMC) representing dilution of FMC sewer 
overflow contaminants (and/or stormwater run-off) in the MPC for 1 year, 5 year and 10 year 
storms (sewer overflow starts at high DWF) 
 
 
 
Figure F6 Dilution factors in the MPC (MPCDFFMC) representing dilution of FMC sewer 
overflow contaminants (and/or stormwater run-off) in the MPC for 1 year, 5 year and 10 year 
storms (sewer overflow starts at low DWF) 
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Figure F7 Dilution factors in the MPC (MPCDFERS) representing the dilution of sewer overflow 
contaminants directly in the MPC for 1 year, 5 year and 10 year storms (overflow starts at 
high DWF) 
 
 
Figure F8 Dilution factors in the MPC (MPCDFERS) representing the dilution of sewer overflow 
contaminants directly in the MPC for 1 year, 5 year and 10 year storms (overflow starts at 
low DWF) 
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APPENDIX G 
PREDICTING MPC E.COLI AND ENTEROCOCCI CONCENTRATIONS 
 
The same mass balance approach outlined in Chapter 6 was used to predict the 
concentration of E.coli and enterococci in the MPC following wet weather sewer overflow. 
This included calculating the flow weighted mean concentration (FWMC) of these two faecal 
indicators (FIs) in the sewer overflow, which is representative of the concentration over the 
entire overflow event. The FWMC of FIs in the MPC was then established, based on the 
dilution of sewer overflow FI concentrations in the MPC. There are slight differences to the 
methods and equations used in Chapter 6 to those used to simulate concentrations of FIs in 
Chapter 8, which are discussed below.  
 
Wet weather sewer overflow concentration 
 
Wet weather sewer overflow concentrations at different time intervals over the course 
of the overflow 
 
As in Chapter 6, first the wet weather sewer flow concentration (WWFC) of FIs is calculated. 
The raw sewage or dry weather sewer flow (DWF) is not diluted any further in the sewer 
overflow. Therefore, the WWFC is used to represent the concentration of FIs in the wet 
weather sewer overflow.  
 
The original equation used in Chapter 6 to calculate the WWFC (refer to Equation 6.4) has 
been altered to reflect a change in the method to predict the in-sewer concentration or 
WWFC in Chapter 8. To calculate the WWFCs for the Bayesian network (BN) in Chapter 8 
an input FI concentration for stormwater inflow (SIC) has been omitted from Equation 6.4. 
The reason is that in Chapter 6 (Section 6.5.1) the SIC was shown to make up only 1% to 
3% of the FI concentrations in the sewer overflow and hence will have almost no impact on 
the WWFC. Therefore for the purposes of the BN, Equation G1 below was used to determine 
the WWFC in the sewer: 
 
WWFCi= DWFC DWFViWWFVi	 Equation G1 
 
where:  
WWFCi is the diluted concentration of contaminant in the sewer during wet weather sewer 
flow (WWF) at time interval i. (orgs/100ml), 
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DWFC is the concentration of FIs in the raw sewage during DWF, which is a constant value 
(from Tables 6.2) (orgs/100ml), 
DWFVi is the volume proportional to flow rate for DWF at time i. (refer to Section 5.4.1) (kL 
converted to millilitres to match concentration units), 
WWFVi is the volume proportional to flow rate for wet weather flow at time i. (refer to Section 
5.4.1) (kL converted to millilitres to match concentration units), and  
i, is time interval equal to five minutes. 
 
Flow weighted mean concentration of wet weather sewer overflow  
 
Following calculation of the wet weather sewer overflow for each five minute time interval 
over the course of the overflow, the FWMC of FIs in wet weather sewer overflow were 
determined. In Chapter 6 the WWFC calculated from Equation 6.4 was the same for all three 
overflow structures, as sewer flows (both WWF and DWF) were based on manhole FIV 7 to 
provide a worst-case in-sewer dilution and thus wet weather sewer overflow concentration. 
For the BN a worst-case wet weather sewer overflow concentration is not the aim. Therefore, 
WWFs and DWFs at manholes closet to the three sewer overflow points (ERS 97, 98 and 
151) were used to predict in-sewer dilutions. The manhole closest to ERS 98 is FIV 7 and the 
manhole closest to ERS 97 and 151 is manhole FIV 37 (refer to map of sewer manholes, 
Figure 5.3). Therefore, unlike in Chapter 6, the concentration of WWFC of FIs calculated 
from Equation G1 for ERS 98 will be different than for the other two ERSs (97 & 151). The 
following equation was used to determine the total FWMC in the wet weather sewer overflow 
from all three ERSs. 
 
FWMC TOTAL ERS=
L
V
=
∑ (C98iV98i)+(C97iV97i)+(C151iV151i)ni=0 ∑ (V98ini=0 +V97i+V151i)  Equation G2 
 
where: 
FWMC TOTAL ERS is the flow weighted mean FI concentration of the total sewer overflow 
determined from the event loading (L) and the event volume (V) (orgs/100ml), 
C98i  is the sewer overflow FI concentration for ERS 98 at time interval i (which is equal to the 
WWFCi at time interval i, determined from Equation G1 for ERS 98) (orgs/100ml), 
V98i is the volume proportional to flow rate for sewer overflow at ERS 98 at the time interval 
that C98 is generated (refer to section 5.4.2.) (kL converted to millilitres to match 
concentration units), 
C97i is the sewer overflow FI concentration for ERS 97 at time interval i (which is equal to the 
WWFCi at time interval i, determined from Equation G1 for ERS 97) (orgs/100ml), 
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V97i is the volume proportional to flow rate for sewer overflow at ERS 97 at the time interval 
that C97 is generated (refer to section 5.4.2) (kL converted to millilitres to match concentration 
units), 
C151i is the sewer overflow FI concentration for ERS 151 at time interval i (which is equal to 
the WWFCi at time interval i, determined from Equation G1 for ERS 151) (orgs/100ml), 
V151i is the volume proportional to flow rate for sewer overflow at ERS 151 at the time interval 
that C151 is generated (refer to section 5.4.2) (kL converted to millilitres to match 
concentration units), 
i, is time interval equal to five minutes, and 
n refers to the total number of samples simulated during the storm. 
 
Moonee Ponds Creek concentrations of FIs from wet weather sewer overflow 
 
MPC concentration at different time intervals over the course of the wet weather sewer 
overflow 
 
E.coli and enterococci concentrations simulated for the BN focus on wet weather sewer 
overflow sources only. As shown in Chapter 7, sewer overflow was the primary risk driver for 
microorganisms, as FI concentrations were higher than from stormwater sources and also 
sewage is the primary source of pathogens expected to cause illness. To establish the 
concentrations of FIs in the MPC (from sewer overflow only), the concentration from the 
catchment and subsequent stormwater run-off in the FMC are omitted. Hence, the FI 
concentration in the MPC arising from sewer overflow at five minute time intervals over the 
course of the overflow was determined from Equation G3 below. Equation G3 is adapted 
from Equation 6.8 in Chapter 6. However, Equation 6.8 has been altered to account for the 
fact that in Chapter 8 for the BN the sewer overflow FI concentration for ERS 98 is different 
than for ERS 97 and 151.  
 
MPCCi=
(C98i V98i )+(C97i V97i)+(C151i V151i)
MPCVi
 Equation G3 
 
where: 
MPCCi is the FI concentration in the MPC at time interval i as a result of sewer overflow 
(orgs/100ml), and 
MPCVi is the MPC volume at time interval i (refer to section 5.6) (kL converted to millilitres to 
match concentration units). 
All other parameters in Equation G3 are the same as for Equation G2. 
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FWMC of contaminants in the MPC from wet weather sewer overflow  
 
Following the calculation of the MPCCi using Equation G3, the FWMC in the MPC from wet 
weather sewer overflow omitting the level in stormwater run-off from the catchment was 
calculated using Equation G4 (which is identical to Equation 6.9 in chapter 6). 
 
FWMC MPC=
L
V
=
∑ CiVini=0∑ Vini=0  Equation G4 
 
where: 
FWMCMPC is the FWMC of FIs in the MPC determined from the event loading (L) and the 
event volume (V) as a result of sewer overflow omitting the level in stormwater run-off from 
the catchment (orgs/100ml), 
Ci is the concentration in the MPC at time interval i (which is equal to the MPCCi determined 
from Equation G3) (orgs/100ml), 
Vi is the volume proportional to flow rate for the MPC at the time interval that Ci is generated 
(refer to section 5.6) (kL converted to millilitres to match concentration units), 
i, is time interval equal to five minutes, and 
n refers to the total number of samples simulated during the storm. 
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APPENDIX H 
FURTHER INFORMATION RELATING TO THE CONSEQUENCES 
SCALE FOR PRIMARY RECREATION 
 
Further verification of consequence severity scales for primary recreation 
 
In a move away from reliance on numerical microbiological criteria alone, the WHO 
Guidelines for Safe Recreational Water Environments, in addition to determining the level of 
faecal indicators, require a sanitary inspection to be carried out to determine sources of 
faecal contamination. Particular emphasis is placed on sources of human faecal 
contamination, which present a higher risk than other sources. The highest risk categories for 
sanitary inspection are those where contamination of recreational waters occur from direct 
discharge of raw untreated sewage (WHO, 2003a). Sewer overflows are included in the 
category of direct beach outfalls (NHMRC, 2008) and as the sewage is not treated would be 
classified as a very high risk to human health and hence given a very high sanitary rating. In 
the WHO and Australian recreational guidelines (NHMRC, 2008; WHO, 2003a) the sanitary 
inspection category and measured enterococci concentration in the recreational water body 
is combined using a classification matrix. This provides a classification of the water body for 
primary recreation purposes. The classification for recreational water environments includes 
five levels, including ‘very good’, ‘good’, ‘fair’, ‘poor’ and ‘very poor’. The consequence 
severity levels for primary recreation (refer to Section 8.3.5, consequences analysis) are 
further verified by comparing them against the classification that the water body would 
receive based on the WHO and Australian recreational guidelines, which is shown in Table 
H1.  
 
Table H1 Comparison of consequence severity levels for risk analysis with the classification 
of the water body derived from the WHO and Australian recreational guidelines based on a 
very high sanitary category (NHMRC, 2008; WHO, 2003a) . 
95th percentile value of 
intestinal 
enterococci/100ml 
(rounded value) 
Consequence severity  
(from Section 8.3.5) 
Classification of water body 
based on a very high sanitary 
inspection 
<40 Negligible Follow up/Good 
41-200 Minor Fair 
201-500 Moderate Poor 
>501 Major Very poor 
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Limitations in applying the WHO recreational guideline values 
 
Potential limitations and factors to consider in using the banded guideline values for microbial 
water quality in the WHO Guidelines for Safe Recreational Water Environments to derive the 
consequences scale for primary recreation include the following:  
 
• The risk of acquiring GI or AFRI based on exposure to a particular level of enterococci in 
the WHO guidelines are based on the exposure conditions of the key study (Kay et al., 
1994) used to derive the banded guideline values. The exposure conditions in this key 
study included swimming for a minimum of ten minutes and head immersion three times 
during that period. Where exposure is greater than this the risk may be underestimated. 
 
•  Studies by Kay et al., (1994) only considered health outcomes in relation to GI and AFRI, 
therefore other illnesses are not represented by the WHO guideline values. 
 
• The WHO guideline values were derived from the risk to healthy adult bathers exposed to 
marine waters in temperate European waters. Children and other vulnerable populations 
were not reported on and the guideline values may therefore not relate to these other 
groups, which may require a greater degree of protection. 
 
• The key epidemiological study (Kay et al., 1994) used to derive the banded guideline 
values was in sea water, whereas the study site in the current research is freshwater. 
WHO Guidelines for Safe Recreational Water Environments advise that studies show a 
higher gastrointestinal rate for bathers in seawater than bathers in freshwater based on 
identical faecal indicator concentrations. Therefore, the enterococci values in the WHO 
guidelines are likely to more protective for the present study site.  
 
• WHO guideline values represent the 95th percentile concentration determined from a 
sampling program which accounts for a range of conditions during which the waterway is 
used for recreational purposes, rather than an intermittent event such as a wet weather 
sewer overflow.  
 
• The highest recorded enterococci concentration in the study used to derive the guideline 
values was 158 enterococci/100ml. In estimating the risk for dose levels exceeding this 
concentration it was assumed the probability of illness remained constant rather than 
increasing and therefore may underestimate the actual risk.  
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APPENDIX I 
THEORETICAL BASIS FOR DERIVING CONSEQUENCES SCALES 
FOR SECONDARY RECREATION AND IRRIGATION OF MUNICIPAL 
SPACES, HUMAN FOOD CROPS AND NON-FOOD CROPS 
 
Secondary Recreation  
 
Discussion on water quality guidelines used in determining the consequences scale 
 
Australian Guidelines 
 
The Australian and New Zealand Guidelines for Fresh and marine Water Quality (ANZECC 
and ARMCANZ, 2000a) propose guideline values for faecal coliforms of <103 orgs/100ml and 
enterococci of <230 orgs/100ml for secondary recreation. The SEPP (WoV, 2003) propose 
levels of E.coli and enterococci suitable for secondary recreation, which are based on the 
ANZECC (2000) WQ objectives, of <103 orgs/100ml and <230 orgs/100ml respectively. In 
addition ANZECC (2000) guidelines provide numerical criteria for consumption of fish, which 
is a type of secondary recreation. Water quality (WQ) objectives relating to contact with 
contaminated waters whilst fishing are the same as those set for secondary recreation in 
general, <103 orgs/100ml of faecal coliforms. Criteria in relation to the consumption of fish 
relate only to shellfish, where it is recommended that the concentration of faecal coliforms 
should be less than 14 MPN/100ml. It is unclear what scientific evidence was used to derive 
WQ objectives in either ANZECC (2000) or the SEPP (WoV, 2003).  
 
Of the fish species, shellfish probably pose the highest risk to consumers as they have a high 
potential to accumulate pathogens, and some shellfish such as oysters are often consumed 
raw. However, it is not likely that shellfish will be collected from Melbourne urban freshwater 
streams. The Victorian Department of Primary Industries (DPI) advised that freshwater 
mussels are the only species of shellfish likely to be found in these urban streams and are 
not likely to be consumed (personal communication, John Vaytauer and Rod Barbar, DPI), 
but rather are commonly used as bait and for ornamental purposes in aquariums. Therefore, 
only the SEPP (WoV, 2003) WQ objective of <103 orgs/100ml of E.coli, which is applicable to 
secondary recreational activities in general, is used to determine the consequence severity 
for secondary recreation.   
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World Health Organisation (WHO) Guidelines 
 
Epidemiological studies have been undertaken to assess risks associated with contact 
recreation other than swimming such as canoeing and white water rafting (Fewtrell et al., 
1994). However, these studies currently do not provide sufficient data to determine suitable 
faecal indicator levels (WHO, 2003a). WHO Guidelines for Wastewater and Excreta Use in 
Aquaculture (WHO, 2006b), provide criteria in relation to water quality for waste-fed 
aquaculture based on epidemiological and other studies. The WHO Guidelines for 
Wastewater and Excreta Use in Aquaculture relate directly to the secondary recreational 
activity of fishing and are used to determine the consequence scales for secondary 
recreation. Although the WQ objectives in the WHO Guidelines are based primarily on 
studies relating to fishing, due to the nature of the studies used to derive the WQ objectives, 
which relate not only to consumers of fish but also aqua-cultural workers, some application 
can be made to other forms of secondary recreation.  
 
Based on an epidemiological study (Blumenthal, 2000) and other data which relate to the 
safe use of wastewater in aquaculture, WHO Guidelines (WHO, 2006b) provide a microbial 
water quality target of <104 E.coli /100ml to protect consumers of fish. This microbial water 
target would also be suitable for use in contaminated surface waters used for aquaculture 
(WHO, 2006b). A target of <103 E.coli/100ml is recommended to protect aqua-cultural 
workers with access to waste fed aqua-cultural ponds (WHO, 2006b). 
 
Basis for determining the consequences scale  
 
Due to greater scientific basis in deriving E.coli criteria, particularly in relation to fishing, 
E.coli rather than enterococci levels have been used in determining the severity of 
consequences. 
 
For concentrations of E.coli below 103 orgs/100ml consequences are recorded as negligible 
for secondary recreation, as they are below the ANZECC (2000) water quality objectives. 
Concentrations of E.coli below 103 orgs/100ml also meets the most conservative WHO 
objectives set to protect aqua-cultural workers with access to waste-fed aqua-cultural ponds 
(WHO, 2006b). 
 
A minor consequence was assigned for levels of E.coli between 103 orgs/100ml and 104 
orgs/100ml, which are above the ANZECC (2000) WQ objective for secondary recreation. 
Levels are below the WHO WQ objective for safe consumption of fish, but above the 
objective to protect aqua-cultural workers and local communities. However, the WHO 
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objective to protect aqua-cultural workers (<103 E.coli/100ml) is likely to be conservative for 
application in the present study. The WHO WQ objective to protect aqua-cultural workers 
was largely based on an epidemiological study (Blumenthal et al., 2000, referenced in WHO, 
2006b) which looked at exposure to fish pond water through washing, bathing and recreation 
such as swimming and consumption of fish. This is a much higher level of contact than would 
be expected in secondary recreation and stream fishing.  
 
A moderate consequence was recorded for levels of E.coli between 104 orgs/100ml and 105 
orgs/100ml. This is above WHO guideline levels for both aqua-cultural workers and 
consumers of fish. As already mentioned above, the WHO guideline levels to protect aqua-
cultural workers are likely to be conservative for use in the present study. The study (Lan et 
al, in press, referenced in WHO, 2006b), which formed the basis of the WHO WQ objectives 
to protect consumers of fish, investigated flesh contamination of fish grown in waste fed 
ponds where fish were continuously exposed to faecally contaminated water. Fish in water 
bodies receiving wet weather sewer overflows would be exposed only sporadically and it is 
therefore likely that they would suffer less contamination. Therefore, WQ objectives in the 
WHO guidelines to protect consumers of fish are also likely to be conservative. However, 
assignment of a moderate consequence was considered prudent since WHO and ANZECC 
WQ objectives for secondary recreation, in general (<103 E.coli/100ml), and the WHO WQ 
objective for consumption of fish (<104 E.coli/100ml) is exceeded by up to two and one orders 
of magnitude, respectively. 
 
Irrigation of municipal spaces, human food crops and non-food crops 
 
Discussion on water quality guidelines used in determining the consequences scale 
 
ANZECC (2000) provides microbiological guidelines including numerical criteria for 
thermotolerant coliforms for various agricultural and irrigation purposes. ANZECC (2000) 
guidelines for agriculture are based on those proposed in the Australian Guidelines for 
Sewerage Systems - Use of Reclaimed Water (ARMCANZ et al., 2000). These Guidelines 
(ARMCANZ et al., 2000) have since been replaced by the Guidelines for Water Recycling: 
Managing Health and Environmental Risks (NRMMC et al., 2006).  
 
The new Australian Guidelines for Water Recycling rely on a risk management approach 
which is based on the framework in the Australian Drinking Water Guidelines (NHMRC and 
NRMMC, 2004). In relation to assessing human health risks the approach is similar to that 
outlined in the WHO Guidelines for the Safe Use of Wastewater, Excreta and Greywater 
(WHO, 2006a), whereby health based targets are set for particular reuse applications based 
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on meeting an acceptable tolerable risk. This typically includes microbial risk assessment 
methods to determine the risk of infection or illness from pathogens (bacteria, viruses, 
protozoa and helminthes) for different degrees of human exposure. Disability adjusted life 
years (DALY) are then calculated converting the likelihood of infection or illness into burdens 
of disease. DALYs have been found to be superior to infection as they provide information of 
the risk from a range of illness (NRMMC et al., 2006). A tolerable risk of 10-6 DALY is 
adopted in the WHO and Australian Guidelines (NRMMC et al., 2006; WHO, 2006a). 
Performance targets expressed in terms of log reductions in reference pathogens are set 
whereby the DALY is reduced so that the tolerable risk is not exceeded. These targets can 
be met via a range of treatment and/or other preventative measures at the site of use. Where 
there is likely to be high exposure to recycled water such as food crops consumed raw, the 
DALY for the different pathogens is likely to be higher and therefore the log reduction 
methods including treatment and/or on site controls will be greater.  
 
In terms of the present research, faecal indicators E.coli and enterococci, rather than 
pathogens have been measured in the raw sewage and predicted in the receiving waterway. 
Both the Australian and the WHO Guidelines (NRMMC et al., 2006; WHO, 2006a) provide 
water quality objectives, including concentrations of E.coli in the treated effluent for different 
irrigation purposes. Water quality objectives for E.coli verify pathogen levels do not exceed 
the acceptable tolerable risk in the treated effluent, or are at an acceptable level knowing 
further log reductions in pathogens will occur at the site of use. Whilst the Australian and the 
WHO Guidelines (NRMMC et al., 2006; WHO, 2006a) are intended for wastewater treatment 
plant and recycling schemes rather than surface water, ANZECC (2000) guidelines have 
adopted them for application for surface water use. Furthermore, due to the absence of 
standards for microbiological quality of irrigation water for crops, the Food and Agriculture 
Organisation of the United Nations (FAO) recommends WHO Health Guidelines for the Use 
of Wastewater in Agriculture and Aquaculture (WHO, 1989) could be used as interim 
standards for crop irrigation water. This includes where the irrigation source water is 
contaminated river water supplies (Westcott, 1997). The WHO Health Guidelines for the Use 
of Wastewater in Agriculture and Aquaculture (WHO, 1989) have since been replaced with 
the WHO Guidelines for the Safe Use of Wastewater, Excreta and Greywater (WHO, 2006a). 
Therefore, both the WHO and Australian Guidelines (NRMMC et al., 2006; WHO, 2006a), 
and the water quality objectives relating to E.coli there-in are suitable for application in the 
present study, and are used to develop the consequences severity scale for waterway values 
relating to irrigation. A detailed description of the theoretical basis for deriving the 
consequences severity scale for each waterway value is described below. 
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Basis for determining the consequences scale  
 
In considering the application of water quality objectives in the WHO and Australian 
Guidelines (NRMMC et al., 2006; WHO, 2006a) to the present study, it was assumed that 
they are likely to be conservative. For instance, the E.coli water quality objectives in the 
Australian Guidelines for Water Recycling relate to a required log reduction in pathogens, 
calculated based on estimated exposure and concentration of pathogens in recycled 
sewage. Default exposures for recycled sewage provided in the Australian guidelines are 
likely to be much higher than potential exposures from irrigation water sourced from water 
bodies receiving sewer overflows, which only occur occasionally. Even if the river water is 
used as the constant water source for irrigation, it may be only once a year when it is 
contaminated by the sewer overflow, whereas typically recycled water schemes use a 
constant sewage source. The default concentrations of pathogens, on which water quality 
objectives for E.coli are based, would also be much higher, as they are based on raw 
sewage rather than sewage diluted in the river following wet weather sewer overflow. In 
addition, the river water may be used at a great distance from the source of sewer overflow, 
allowing for further dilution and natural die-off of pathogens. WHO Health Guidelines for the 
Use of Wastewater in Agriculture and Aquaculture (1989) advised that for irrigation purposes, 
a standard greater than the 103 faecal coliforms/100ml could be accepted if the quality of 
wastewater was improved after treatment, whether by dilution in naturally occurring water 
bodies or transport over long distances in a river. In determining the consequence scales for 
waterway values relating to irrigation, the information on the level of exposure and pathogen 
concentrations discussed above is considered, and is discussed further for each waterway 
value.  
 
Irrigation of human food crops (unrestricted) 
 
A negligible consequence was assigned for E.coli concentrations below 1 orgs/100ml, which 
is below the WQ objective in both the Australian and WHO Guidelines. 
 
A minor consequence is recorded for E.coli concentrations below 103 orgs/100ml. Although 
E.coli levels are above the WQ objective in the Australian Guideline of <1 orgs/100ml, they 
are still below the WQ objective in the WHO Guidelines of <103 orgs/100ml. A similar level to 
the Australian water quality objective is recommended in USEPA Guidelines for Water Re-
Use (USEPA, 2004a) for unrestricted irrigation of human food crops. WHO (2006a) reported 
that in order to comply with the USEPA WQ objective, log reductions for irrigating salad 
vegetables consumed raw would need to be made entirely at the treatment stage 
(corresponding to a WQ objective for faecal coliforms of zero orgs/100ml). However, this 
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does not account for log reductions that would occur due to natural die-off between irrigation 
and consumption and various food preparation practices such as washing of vegetables and 
cooking (WHO, 2006a).  
 
Based on an extensive review and evaluation of the latest studies WHO (2006) 
recommended a WQ objective for E.coli of <103 orgs/100ml allowing some further reduction 
in pathogens from die off in soil and washing of vegetables. A study (Shuval, 1997) 
compared risks associated with consuming vegetables irrigated with wastewater containing 
zero faecal coliforms/100ml and 103 feacal coliforms/100ml. Shuval (1997) concluded that it 
was questionable whether the high costs associated with the treatment technology to 
achieve zero feacal coliforms/100ml was justifiable given the small health benefit that may be 
gained, particularly since the WHO objective (103 feacal coliforms orgs/100ml) already 
provides a very low level of risk of infection or disease. Furthermore, based on more recent 
epidemiological and microbiological studies of crops irrigated with wastewater, a review of 
WHO Health Guidelines for the Use of Wastewater in Agriculture and Aquaculture 1989 
(Blumenthal, 2000), found no evidence to suggest a need to change the WHO objective of 
<103 faecal coliforms/100ml for unrestricted irrigation. 
 
A moderate consequence was recorded for E.coli concentrations between 103 orgs/100ml 
and 104 orgs/100ml, as this is above both WHO and Australian WQ objectives. A moderate 
rather than major consequence was considered more suitable for E.coli concentrations 
between 103 orgs/100ml and 104 orgs/100ml for the following reasons:. 
 
• For unrestricted irrigation, Blumenthal (2000) showed for a 10 fold increase above the 
WQ objective in the WHO Health Guidelines for the Use of Wastewater in Agriculture and 
Aquaculture 1989 (of 103 faecal coliforms/100ml), the increase in enteric risk (in areas 
where enteric infections are endemic) is significant, but low. Therefore, Blumenthal 
(2000) suggested that where there are insufficient resources to meet the WHO WQ 
objective, a more relaxed objective of <104 faecal coliforms/100ml can be used.  
 
• The current WHO Guidelines (WHO, 2006a) allow an E.coli concentration of <104 
orgs/100ml following wastewater treatment for leaf crops such as lettuce, which still 
achieves the health based target of 10-6 DALY by other measures.  
 
• Westcott (1997) developed criteria to determine areas with the potential to be clean 
production areas for irrigation. These areas would have sources of irrigation water with 
the potential to meet the standard adopted by WHO Guidelines (1989) of <103 faecal 
coliforms/100ml. Westcott (1997) advised that concentrations of faecal coliforms below 
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104 orgs/100ml in irrigation source water is sufficient to meet the WHO (1989) water 
quality objective of <103 orgs/100ml, due to the source water being some distance from 
the point of use with further natural treatment and die-off likely to occur. 
 
A major consequence was assigned to E.coli concentrations between 104 orgs/100ml and 
105 orgs/100ml, which exceed WQ objectives in the current WHO Guidelines. The water 
quality objectives in the Australian Guidelines are also exceeded for unrestricted irrigation of 
human food crops by up to four to five orders of magnitude. A report by Wetscott (1997), 
mentioned above, reported that irrigation source water with faecal coliform concentrations 
above 104 orgs/100ml were considered heavily contaminated sites, with no potential to meet 
the WHO (1989) WQ objective of <103 faecal coliforms/100ml at the point of use.  
 
The WQ objectives for E.coli in the WHO Guidelines (WHO, 2006a) discussed thus far for 
human food crops were aimed at consumers of the produce. In terms of farmers or workers 
and public exposure for unrestricted irrigation of human food crops, WHO Guidelines (WHO, 
2006a) recommend an E.coli concentration of less than 105 orgs/100ml. This is based on the 
use of highly mechanized irrigation methods, which would generally occur in developed 
countries such as Australia. Therefore, the consequence levels proposed above are primarily 
based on the more ‘risky’ of the two activities which is the consumers of the produce.  
 
Irrigation of municipal spaces (unrestricted) 
 
A negligible consequence was assigned for E.coli concentrations below 1 orgs/100ml, which 
is below the WQ objective in both Australian and WHO Guidelines. 
 
A minor consequence was assigned for E.coli concentrations between 102 orgs/100ml and 
103 orgs/100ml, which is a more conservative consequence rating than was assigned to 
irrigation of human food crops. WQ objectives are not provided in the current WHO 
Guidelines (WHO, 2006a) for municipal spaces. However, the previous WHO Guidelines 
(WHO, 1989) recommended the same levels as those for human food crops of <103 faecal 
coliforms/100ml, for sports fields and public parks. The previous WHO Guidelines (1989) 
advised that where public have direct access to lawns and parks, the potential risks may be 
greater than those associated with irrigation of vegetables consumed raw. A review of an 
epidemiological study in Colorado Springs (Durnad et al, 1986 referenced in WHO, 1989), 
found no evidence to suggest adverse health effects from landscape irrigation using 
wastewater. However, to be prudent a more stringent guideline of <200 faecal 
coliforms/100ml for public lawns, where public may come into direct contact with irrigation 
water was adopted in the WHO Guidelines (1989). Furthermore, in the current WHO 
358 
Guidelines (WHO, 2006a), studies were undertaken to determine the risks from enteric 
viruses when using irrigation of secondary and tertiary treated effluents in a range of different 
scenarios (Asano et al., 1992 and Tanako et al., 1998, referenced in WHO, 2006a). The 
studies found that wastewater irrigation of crops might not pose as high a risk as when using 
it for irrigating golf courses, due to viral die-off between application and exposure.  
 
A moderate consequence was assigned where E.coli levels were less than 103 orgs/100ml. 
This is below WQ objectives recommended in WHO Guidelines (1989) for sports fields and 
public parks, however as mentioned above it is not recommended for all circumstances of 
unrestricted municipal irrigation such as public lawns, where higher contact may occur. 
 
A major consequence is associated with E.coli concentrations between 103 orgs/100ml and 
105 orgs/100ml, which are well in excess of WQ objectives in Australian and WHO 
Guidelines. At these levels, only on-site restrictions could make the irrigation water 
potentially safe, which in this case does not apply as it is unrestricted access.  
 
Irrigation of non-food crops (restricted) 
 
A negligible consequence was assigned for E.coli concentrations below 104 orgs/100ml, 
which is below the WQ objective in both the Australian and current WHO Guidelines. 
 
A minor consequence was assigned to E.coli concentrations between 104 orgs/100ml and 
105 orgs/100ml. Although this is above the WQ objective in the Australian Guideline for this 
type of use, it is below objectives in the current WHO Guidelines. For irrigation of non-food 
crops such as trees and turf, where there is no public access, the main risk is to workers or 
surrounding public due to possible spray drift. The relevant WQ objective for E.coli in the 
WHO Guidelines (2006a) for the protection of farmers or workers using highly mechanized 
agriculture is <105 orgs/per 100ml. Where there is more hands on or labour intensive 
irrigation involved, or where children less than 15 may be exposed to the irrigation areas, 
WHO (2006a) recommends <104 E.coli orgs/100ml. This was based on quantitative microbial 
risk assessment studies reported in WHO (2006a) on the risks to farm workers or young 
children playing in the field from ingesting the soil. However, in the present study it is not 
likely that children will have access to these restricted sites and application would be highly 
mechanized. In terms of spray drift affecting surrounding communities, studies reported in 
WHO (2006a) found sprinkler irrigation with water quality of 106 to 108 thermotolerant 
coliforms (TCs)/100ml and high aerosol exposure was associated with increased rates of 
infection in nearby communities. On the other hand, sprinkler irrigation with water quality of 
between 104 to 105 TCs/100ml was not associated with increased rates of viral infection. 
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APPENDIX J 
RISK MATRICES FOR EACH OF THE FIVE WATERWAY VALUES 
 
Table J1 Risk matrix for secondary recreation  
Likelihood 
Consequences 
(severity of health effects associated with each FI concentration) 
Negligible 
(<1 
orgs/100ml) 
Negligible 
(<103 
orgs/100ml) 
Minor 
(103-104 
orgs/100ml) 
Moderate 
(104-105 
orgs/100ml) 
Almost certain 
(86-99%) 
M M H H 
Likely 
(61-85%) 
M M M H 
Even chance 
(41-60%) 
L L M H 
Unlikely 
(20-40%) 
L L L M 
Remote 
(1-19%) 
L L L L 
 
Table J2 Risk matrix for irrigation of non-food crops 
Likelihood 
Consequences 
(severity of health effects associated with each FI concentration) 
Negligible 
(<1 
orgs/100ml) 
Negligible 
(<103 
orgs/100ml) 
Minor 
(103-104 
orgs/100ml) 
Minor 
(104-105 
orgs/100ml) 
Almost certain 
(86-99%) 
M M M H 
Likely 
(61-85%) 
M M M M 
Even chance 
(41-60%) 
L L M M 
Unlikely 
(20-40%) 
L L L M 
Remote 
(1-19%) 
L L L L 
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Table J3 Risk matrix for irrigation of municipal spaces  
Likelihood 
Consequences 
(severity of health effects associated with each FI concentration) 
Negligible 
(<1 
orgs/100ml) 
Minor 
(<102 
orgs/100ml) 
Moderate 
(<103 
orgs/100ml) 
Major 
(103-105 
orgs/100ml) 
Almost certain 
(86-99%) 
M H H H 
Likely 
(61-85%) 
M M H H 
Even chance 
(41-60%) 
L M H H 
Unlikely 
(20-40%) 
L L M H 
Remote 
(1-19%) 
L L L M 
 
Table J4 Risk matrix for irrigation of human food crops 
Likelihood 
Consequences 
(severity of health effects associated with each FI concentration) 
Negligible 
(<1 
orgs/100ml) 
Minor 
(<103 
orgs/100ml) 
Moderate 
(103-104 
orgs/100ml) 
Major 
(104-105 
orgs/100ml) 
Almost certain 
(86-99%) 
M H H H 
Likely 
(61-85%) 
M M H H 
Even chance 
(41-60%) 
L M H H 
Unlikely 
(20-40%) 
L L M H 
Remote 
(1-19%) 
L L L M 
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Table J5 Risk matrix for primary recreation 
Likelihood 
Consequences 
(severity of health effects associated with each FI concentration) 
Negligible 
(<40 
orgs/100ml) 
Minor 
(41-200 
orgs/100ml) 
Moderate 
(201-500 
orgs/100ml) 
Major 
(>500 
orgs/100ml) 
Almost certain 
(86-99%) 
M H H H 
Likely 
(61-85%) 
M M H H 
Even chance 
(41-60%) 
L M H H 
Unlikely 
(20-40%) 
L L M H 
Remote 
(1-19%) 
L L L M 
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APPENDIX K 
LIST OF PUBLICATIONS 
 
The following two publications relate to the present study: 
 
Goulding, R, Jayasuriya, N, Horan, E and Nugegoda, D 2007, 'Faecal Indicators in 
Waterways Following Wet Weather Sewer Spills', paper presented to 2nd IWA-ASPIRE 
Conference and Exhibition, Perth, Australia. 
 
Goulding, R, Jayasuriya, N, Horan, E and Nugegoda, D 2008, 'Metals in Waterways 
Following Wet Weather Sewer Spills', paper presented to ENVIRO 08 Conference, 
Melbourne, Australia. 
 
 
